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Don’t think, try the experiment
John Hunter, 1728–1793
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Preface

The principal motivation for writing this book is that for
over 35 years of measuring water in soil, I had not come
across a book that brought together in one place the princi-
ples of operation of all the important methods and instru-
ments available, together with their methods of use. This
book aims to correct that.

The secondary motivation is that writing this book is a
kind of penance for not having completed a PhD and writ-
ten too few papers while I was working at the Institute of
Hydrology/Centre for Ecology & Hydrology.

With a long career in the subject, I am indebted to many
more people than there is space to identify here. It would be
bordering on criminal, however, not to mention some of
the more prominent ones. The late Jim McCulloch and
John Bell must take pride of place for taking the chance
on employingme over other, no doubt well-qualified, aspir-
ants for a job in the Soil Physics Section of the rapidly
expanding Institute of Hydrology and for guiding me
towards a satisfying career in the underground. Other
sometime colleagues at the Institute who both taught
and helped me well beyond the call of duty include (in no
particular order) the late SteveWellings, the late SamBoyle,
Phil Holdsworth, Gareth Roberts, Richard Raynor, Paul
Rosier, Cate Gardner, Alan Warwick, Ned Hewitt, Roger
Wyatt, the late Pete Andrews, Jim Wallace, Atul Haria,
Andy Dixon, the late Brian Smith, Tony Debney, the late
Ian Calder, John Bromley, Ragab Ragab, Liz Morris, Keith
Beven, Peter Germann, Jim Shuttleworth, the late John
Stewart, Colin Lloyd, David Robinson, Brenda Burton,
the late John Roberts, Jimmy Blackie, the late Tony
Edwards, Tom Dean, Dave McNeil, Dave Harris, Richard

Cross and Geoff Wicks. In the British Geological Survey,
I enjoyed fruitful collaborations with David Kinniburgh,
Helen Rutter, David Buckley, Brian Adams, Stephen Foster
and Mike Edmunds. Outside these two organisations,
David Fourt, Edward Youngs, Peter Leeds-Harrison, Declan
Barraclough, Chris Young, Andree Carter, Tim Atkinson,
Joseph Oisebe, Samson, Donald Laycock, Caleb Othieno,
Val Mercer, John Smith, Georges Vachaud, Michel Vauclin
and Tim Burt have been most helpful. Adrian Smith and
Dee Galliford of the CEH library have been most helpful
in providing access to both old and recent literature.

In writing this book, as well as several of those men-
tioned above, discussions with Gaylon Campbell, David
Young and Mark Robinson have been fruitful. Aside from
reviewing the early part of themanuscript, Richard Cuenca
alerted me to and kindly contributed a section on COS-
MOS. Long-suffering staff at Wiley, particularly Kelvin
Matthews, Ian Francis and Delia Sandford, have been
immensely patient over my frequent missing of deadlines.

None of any of this would have been possible without
the support and encouragement of my family, particu-
larly my wife, Sue, who put up with my frequent absences
working in various parts of the UK and abroad while
being left to bring up six children and who has had to
forego several years of my “retirement” while preparing
this book.

To all of the above, my everlasting thanks.

J. David Cooper
Ewelme

Oxfordshire
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1 Soil Water in Context

The interactions between water and soil are, arguably, the
most fundamental relationships in the terrestrial environ-
ment. They control, in combination with other agents,
such as theweather and plants, the fate of water after it falls
as rain. This, in turn, determines aquifer recharge, river
flow, water availability to crops and pasture for animals
and the transport of nutrients and pollutants. These are
critical in determining water resources, flooding, food pro-
duction, the potability of water, ecology and public health.
In view of these important roles, there has been and con-
tinues to be a great deal of scientific effort expended
in understanding soil–water relationships. Nevertheless,
many soil water specialists feel that the value of this work
is not fully recognised and is underfunded by comparison
withmany other environmental topics. The reasons for this
may include the fact that several aspects of the subject run
counter to most people’s intuition, that work in the field is
physically hard and frequently messy, that little spectacu-
lar equipment or results are involved and that the subject
rarely offers good photo opportunities.

The applications of soil physics are principally in the
fields of agriculture, environmental protection and water
resources. Some of the more common uses are:
• Measuring or estimating the soil bearing capacity to
support agricultural operations
• Characterising the soil water status at various stages of
crop growth
• Estimating irrigation requirements
• Optimising the quantity and timing of fertiliser or pesti-
cide applications
• Estimating the water consumption of crops and other
land covers
• Estimating the recharge of water to aquifers
• Estimating the rate at which pollutants travel through
the unsaturated zone to groundwater bodies or
watercourses
• Forecasting and mitigating the hazards of floods

Serious study of the physics involved in the relations
between water and soil started in the early 20th century
in the United States, driven by the need to increase food

production for a rapidly expanding population. Later,
important centres of research developed in the Nether-
lands, Australia, Israel and the United Kingdom. The moti-
vation was usually to increase agricultural yields, focussed
either on irrigation in arid areas or land drainage in humid
and low-lying ones. From the 1970s, environmental con-
cerns have accounted for an increasing proportion of the
research effort, focussing on flood generation, pollution of
rivers and aquifers from both natural and artificial sources,
water resources assessment and effects on biodiversity.
This has taken the subject into the area between what
would normally be regarded as ‘soil’ and the zone of satu-
rated rock, which is the province of hydrogeologists. This
is often referred to as the vadose zone, particularly in
America, although many hydrologists prefer to define the
unsaturated zone as a composite of the soil and vadose
zone. In this book, the term unsaturated zone will be used,
recognising that there is, in reality, no neat subdivision
between the soil, the underlying porous material of weath-
ered or unweathered rock and, indeed, the saturated zone.

The amount of work on soil physics has produced a
steady stream of books on the subject (e.g. Marshall
et al., 1996; Warrick, 2002, 2003; Hillel, 2004; Jury &
Horton, 2004; Lal & Shukla, 2004; Rose, 2004). Some of
these are highly mathematical and theoretical, while
others attempt to explain the principles in relatively simple
language. Few of them contain much detail explaining how
it is actually done. There are also several books dealing
with measurement methods and principles. Pride of place
should probably go to the encyclopaedic work of Dane
and Topp (2002), one of a series of books on all aspects of
soil measurement. Over some 300 pages, it explains the
principles behind most methods of soil water measure-
ment, as well as having sections on all manner of other
physical measurements in the soil. In similar mode is
Mullins and Smith’s (2001) book, focussed more specifi-
cally on soil water. While giving comprehensive coverage
of the principles of measurement, both books tend to lack
information on the practicalities of making measurements
in frequently imperfect conditions. The book closest in

Soil Water Measurement: A Practical Handbook, First Edition. J. David Cooper.
© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.

FOR REFERENCE PURPOSES ONLY



spirit to the present one is that of Dirksen (1999). This book
is intended to update and extend the contents of Dirksen
(1999); to explain without descent into hand-waving argu-
ment, but using no more mathematics than necessary,
the principles of operation of the most common instru-
ments and methods of water measurement in the unsatu-
rated zone and to give as much practical guidance as
possible on using the methods in real-life situations. The
emphasis is firmly on techniques for use in the field. Much
useful research has been conducted on real and artificial
soils in the laboratory, and the discovery of some principles
of soil water behaviour would not have been possible with-
out laboratory measurements. The author is not, for
instance, aware of any convincing demonstration of the
applicability of Darcy’s law to unsaturated field soils. How-
ever, in almost all cases, laboratory measurements are
intended tomimic field conditions and be applicable to that
situation. It is the contention of this book that, for all the
difficulties caused by distance, the weather, mud, stones,
communications, power supply, spatial variability, animals
and vandalism, field measurements are the final arbiter of
research and monitoring work on soil–water interactions.

The limitations imposed by the nature of soil and the dif-
ficulties just mentionedmean that the accuracy achievable
in any measurement is usually at best modest and in some
cases extremely poor by most standards. It may come as a
shock to some that, when we can measure the distance to
the moon to a few cm and the value of some fundamental
constants to 1 part in 1012, we often do well to achieve a
measurement accuracy of soil water content better than
5% by volume. It is, however, also true that astrophysicists
are often happy to get within a few orders of magnitude of
the ‘true’ figure, so soil physicists are, at least, somewhere
in between. The modest level of accuracy achievable usu-
ally makes it unnecessary to take into account quantities
like the variation of density of water with temperature
and small variations of the acceleration due to gravity from
one place to another. These will be assumed equal to 1000
kgm−3 and 9.8m s−2, respectively, throughout this text.
The reader should, however, be aware that there are cir-
cumstances when such imprecision is not warranted,
although such instances in soil physics are extremely rare.

With large increases in computer power and its availabil-
ity over the last few decades, numerical modelling of ever
more complex environmental systems has achieved great
prominence. Additionally, many of the methods described
in the later chapters of this book would not be practical
without the availability of cheap computer power, whether
for measurement of soil hydraulic properties by inverse
methods, for statistical evaluation of data collected, for
controlling the recording and storage of field data automat-
ically or for incorporation into instruments to perform the
calculations which turn an electrical signal into ameaning-
ful quantity. The Internet is making large databases of soil
properties and much other environmental information
available to researchers and decision makers worldwide.
So whether derived from the modeller’s own or their

colleagues’ observations, or from elsewhere, a wealth of
data is easily available, although its qualitymay be difficult
to assess.

This book is not, however, aboutmodelling, except in so
far as it can be used to help interpret experiments, but the
use of soil water measurements as input to a variety of
models in environmental science, management of water
resources, agriculture and ecology cannot be ignored. Mea-
surements are important for modelling of environmental
systems in several ways:
• To provide a description of the properties of the various
components of the system, such as soil water characteris-
tics and hydraulic conductivity of the soil.
• To supply data to drive the model, for instance, rainfall
and other meteorological information.
• To validate the model and evaluate how well it repro-
duces the observed behaviour of the system. The more
aspects of the system that are successfully reproduced by
a model, the more confidence can be placed in its ability
to predict events, either in the future or at locations where
monitoring is absent.

A prominent omission from themethods described later
is that of remote sensing. I felt that not only am I not suf-
ficiently qualified to deal with the subject adequately but
also that the topic would need too much space in the pres-
ent volume. There are, in any case, several good books on
this rapidly developing subject that repetition here would
be superfluous.

All fields of human endeavour tend to develop a lan-
guage to refer to peculiar aspects of the field. This is often
perceived (and sometimes intended) to exclude those out-
side the field from entering it. I have tried to avoid the
use of this jargon, but where it would not be practical to
do so, I have put the first use of such a term in italics and
defined its meaning. In other cases, I have provided a defi-
nition of common jargonwords in the hope that readerswill
be able to understand the works of others more easily.

1.1 What Is Soil Water?

At first sight, the concept of soil water seems very easy to
define. However, closer inspection reveals a number of
unexpected complications. These have all to do with vari-
able interactions between the water and the substances
comprising the soil. In essence, the difficulty is in knowing
where physical interactions stop and chemical ones begin.
Many substances common in soils bind more or less
strongly to water molecules. At one end of the scale, water
molecules may be held in the soil by forces sufficiently
weak that thewater is easily removed and its physical prop-
erties are hardly different from those of water in bulk. At
the other end, water may be so tightly bound that tempe-
ratures in excess of 400 C are needed to remove it. Many
clay minerals are able to accommodate layers of water
molecules between and on the surface of aluminosilicate
sheets. These forms of behaviour not only complicate the

4 CHAPTER 1
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assessment of whether the water is part of the soil fabric or
not, but also different measurement methods respond dif-
ferently with that water, making intercomparison between
methods complex and difficult.

Much has been and continues to be written on this sub-
ject. While there is a real philosophical difficulty in decid-
ing what constitutes water and what is part of the soil

fabric, it is only when this ‘in-between’ water plays a part
in some of the interactions we are studying that it becomes
of practical importance. In this book, we will take a prag-
matic approach. Unless there are strong reasons to consider
the behaviour of ‘bound’ water separately, no distinction
will be made between water held by capillary forces and
that where chemical interactions are important.

5Soil Water in Context
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2 How Does Water in Soil Interact with
the Soil Matrix, Air, Roots, Gravity
and Other Substances Present?

There are several excellent textbooks describing at various
levels the concepts and practice of soil physics. The aim of
this book is not to rival those. However, it is important
to review the essential features to ensure that there is a
common set of concepts and nomenclature and hence
avoid confusion with other works which use different
terminology.

2.1 Static Properties of Soil Water

The behaviour ofwater in the soil is generally dominated by
its interaction with the surfaces that it comes into contact
with. These are usually the surfaces of soil particles or pores
in rock. Most often, there is an attractive force between the
water molecules and the surface, which leads to an energy
reduction aswater is taken up by the soil. To get a picture of
how this works, the pores of the material are often likened
to a capillary tube, as in Fig. 2.1.

The pressure change across the interface between the
water and air in a tube of radius r is

P= −
2γ
r
cosϕ 2 1 1

where
P is the pressure difference;
γ is the surface tension between water and air (about 7.3 ×

10−2 N m−1);
r is the radius of the tube, and
ϕ is the angle at which the water surface meets the

tube wall.
This isknownastheangleofcontactandisameasureofthe

attraction between the water molecules and the material of
the tube wall. The negative sign indicates that the pressure
in the water is usually lower than that in the air, and conse-
quently thewaterwill riseup a capillary tubeuntil theweight
of the water column balances the pressure reduction.

Most materials have a strong attraction for water mole-
cules, and this is often so great that the contact angle is very

close to zero. Under these circumstances, cos ϕ is equal to
1 and so Equation 2.1.1 reduces to

P= −
2γ
r

2 1 2

Equations 2.1.1 and 2.1.2 show that as the radius of the
tube decreases, that is, as soil pores becomesmaller, the pres-
sure becomes more negative. This corresponds to a suction
exerted by the soil on the water. The greatest suction is
exerted by the smallest pores, so that, as water enters a dry
soil, it enters the smallest pores first, leaving the larger ones
empty. In a small volume, all the water must be at the same
pressure; otherwise, it will move from one set of pores to
another. As a result, high levels of suction (low pressure) are
associatedwith lowwatercontentsheldinthesmallestpores,
while smaller suctions (higher pressure) are linked with
greaterwater contents, asprogressively larger pores fill. Emp-
tying of soil pores occurs in the reverse manner. The water
held in the large pores can be removed most easily while
the pressure is relatively high (although still below that of
theatmosphere).Toremovemore,evergreater suctionsmust
be exerted on the soil water to empty progressively smaller
pores. There is, therefore, a relationship between the water
content of the soil and the suctionwithwhich it is held. This
is called the soilwater characteristic (seeSection2.1.2) and is
determined by the distribution of pore sizes within the soil.

The preceding description gives a relatively simple pic-
ture of the manner in which water is held in the soil. It is
clear that, as the water content falls, the amount of suction
which needs to be applied increases and corresponds with
the everyday experience that plant roots have increasing
difficulty in extracting water from the soil as it dries. It is
not, however, the whole story.

Firstly, a straight capillary tube is only a very rough
approximation to a soil pore, which normally has a very
irregular shape. Nevertheless, it allows us to visualise in
a qualitative way what happens inside many soils and
has been used as the basis for numerous models of soil
water behaviour.

Soil Water Measurement: A Practical Handbook, First Edition. J. David Cooper.
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Secondly, water is held in the soil not only by capillary
forces in tube-like structures but also as thin films on the
surface of larger pores and particles.

Thirdly, some minerals are able to hold water by
physico-chemical processes. Gypsum (calcium sulphate),
for instance, binds weakly to water molecules. The water
can be driven off by heating to moderate temperature. In
most cases, this water does not participate in soil processes,
but it may bemeasured as part of the water in the soil using
the methods described in Part II. Clays, however, are the
most common minerals which bind more or less weakly
to water molecules. Clays are composed of layers of mole-
cules, bound to one another by weak electrostatic forces,
known as van der Waals forces, which affect the distribu-
tion of electric charge. In effect, a clay platelet is covered
by a small negative charge, with a slight excess of positive
charge inside. Water molecules, although electrically neu-
tral, do not have a uniform distribution of charge and may
be thought of as having one end slightly positively charged,
with the other negatively so. This is called an electrical
dipole. The positively charged end is attracted to the nega-
tive charge on the clay platelet surface. The effect is
enhanced by the fact that the lattice structure of many
clays is similar to that of common forms of ice, so the water
molecules are able to settle snugly onto the clay surface in a
way that not only takes advantage of the forces between the
water molecules and the clay mineral but also between
the water molecules themselves. In some clay minerals
(e.g. bentonite or montmorillonite), the van der Waals
forces holding the layers together are so weak that they
can be parted very easily and a layer of water molecules,
taking advantage of the similarity in lattice structure
between the clay and ice, can enter (intercalate) inside
the clay platelet. The dipoles of the water molecules
shield the clay layers from one another electrically, so that
once one layer has intercalated, others can do so with
increasing ease. As more and more water molecules force
the clay layers apart, so the platelets expand and cause
the entire soil matrix to expand. Conversely, as the soil
dries, the soil matrix contracts, giving rise to cracks in
the soil. Some cracking under dry conditions is very com-
mon. However, some soils crack to an extreme degree, with
large cracks of several centimetres width, extending to 2 or
3m depth. These are called vertisols. Cracks in soils form

an important class of macropore, which often have a
profound influence on water movement within the soil
(Section 2.3.2).

Fourthly, pressures less than absolute zero are predicted
by Equation 2.1.2 for a tube radius, r, of less than about
1.5 μm. While there may be some difficulty in envisaging
how this situation can exist, soils certainly behave as if it
does, and conditions equivalent to water pressures lower
than −6MPa (−60 bars) have been measured.

Fifthly, some soil materials are water-repellent. In this
case, ϕ is greater than 90 , cos ϕ is negative, and P becomes
positive, that is, a positive pressure is needed to force the
water into the soil.Water-repellent soils do not readily soak
up water as a result, although water normally enters after
a few minutes of contact. Water repellency is believed
to be an important trigger for fingering behaviour (see
Section 2.3.2).

2.1.1 Soil water potential

The previous discussion has been conducted in terms of
water pressure or suction in the soil relative to atmosphere.
Much of the early literature in soil physics used this con-
cept, and the terms ‘soil water suction’ and ‘tension’ are
often used today. However, it is now more usual to use
the term ‘soil water potential’, often shortened to ‘water
potential’ or even ‘potential’, to reflect the fact that while
it is often convenient to think of water held in soil as sub-
ject to a physical suction, that is not always the case. More
importantly, the simple physical interaction between the
soil water and the soil matrix is only one factor affecting
its state and behaviour. For the rest of this book, therefore,
the concept of soil water potential will be used.

Soil water potential is defined as the amount of energy
per unit quantity of water required to transfer, reversibly
and isothermally, an infinitesimal amount of water from
a pool of pure, free water at a reference location and at
the prevailing atmospheric pressure into the soil at the spe-
cified position. This is a difficult statement to get to grips
with. It may be easier to think of the reverse process, the
amount of energy per unit quantity of water needed to
extract an infinitesimal amount of water from the soil
and place it into a pool of pure water at a reference location
and at atmospheric pressure. Since we specified that the
process should be reversible, this is just the negative of
the first statement.

Units
The earlier definition is in terms of energy per unit quantity
of water. There are a number of choices possible for the
‘unit quantity’. In most areas of science, the natural unit
would be of mass, and in the SI system, this would mean
a kilogram, so soil water potential would be expressed as
joules per kilogram, or J kg−1.

This is not, however, a very commonway to express soil
water potential, and partly for convenience and partly for
historical reasons, one of two other units is normally used.

Fig. 2.1 An idealised cylindrical pore.

7How Does Water in Soil Interact with the Soil Matrix, Air, Roots, Gravity and Other Substances Present?
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One alternative quantity for the unit amount of water
would be a unit volume (cubic metre – m3). Since water is,
to all intents and purposes, incompressible with a density,
ρw,ofclose to1000 kgm

−3, thenthis iscompletelyequivalent
to a mass definition, except that it involves the density of
water, so that a volume, v, has amass of ρwv. Thisway of cal-
culating potential is not usually expressed as joules per cubic
metre, or Jm−3, however. Energy can be defined as a force
(dimensions of [MLT−2]) multiplied by a distance (dimension
[L]), and a volumehas dimensions [L3]; hence, energy per unit
volume has units of force per unit area, which is a pressure
(dimensions [ML−1T−2]). When talking about capillary forces
holding water in soil, this is the same pressure (or suction)
that was encountered in the previous section.

The other, and less immediately obvious, way to define
a unit quantity is to use its weight. Weight is a force and,
in SI units, expressed in newtons (N). A weight, w, results
from a mass of w/g, where g is the acceleration due to
gravity and sufficiently constant at about 9.8m s−1 that
no problems are likely be incurred. While choosing weight
as the unit to define water potential may seem perverse, it
is, in fact, very commonly used. The reason is that energy
(or work) can be regarded as a force times a distance, while
weight is a force. Therefore, energy per unit weight has
dimensions of length. In fact, it is the height of a water
column equivalent to the pressure when using the energy
per unit volume definition. Using length units to define
potential means that all the equations which mix gravity,
suction and other forces do not involve either the density
of the water or the acceleration due to gravity. The grav-
itational force on a weight, w, of water is simply w,
whereas for a mass, m, it is mg and for a volume, v, it is
vρwg. For this reason, length or ‘head’ units will be used
in this book.

All three definitions of the unit quantitymay be encoun-
tered, so that it is worth knowing their relationship to one
another. The usual symbol to express soil water potential is
ψ . We will use a leading subscriptm for mass, v for volume
and w for weight to denote these three.

Then

wψ = mψ

g
= vψ

ρwg
2 1 3

In this book, SI units will be used throughout, but these
relations hold for any coherent set of units, that is, where all
quantities are based on the same basic units, so that cm, g,
ergs, dynes and μbar (dynes cm−2) would be equally suitable
units defined similarly to SI.

Table 2.1 shows conversions between commonly used
units of water potential.

Meaning of the definition
An infinitesimal amount of water is specified because
removing any significant quantity will alter the state of
the system. If a very small amount of water in relation to
that already there is added to or removed from the system

and the energy change is divided by that very small amount,
then the change will be in terms of a unit quantity.

Next, we need to think of the energy needed to remove
the water from the soil. This was discussed earlier in terms
of suction and pressure forces. To convert this to an energy,
note that a suction pressure of h will support a water col-
umn of height h.

The energy, E, needed to lift a small weight, w, of water
up this height is given by

E =wh 2 1 4

Dividing through by the weight of water, w, to obtain
energy per unit weight,

E
w

=h 2 1 5

But the potential is the negative of this, as the definition
requires water to be put into the soil:

ψm = −
E
w

= −h 2 1 6

ψm is usually referred to as the matric potential of the soil
water, since it arises from the interaction between the
water and the soil matrix.

In the saturated zone, the pressure is always positive. If
there is no confining layer, this is usually equal or close to
the depth below the water table. There is, therefore, conti-
nuity between thematric potential in the unsaturated zone
and the (positive) head of water in the saturated zone, and
there is no need to regard these two zones separately. In
fact, the water table or phreatic surface is defined as the
point at which the head is zero.

Returning now to the definition of the potential, the
next thing to consider is that thewatermust bemoved from
its position in the soil to the reference location. This is nor-
mally a convenient position that we can use to compare the
potential at different places. It is often taken as the soil sur-
face, although sometimes it is more useful to use the water
table (however, complications arise if this moves), mean
sea level or an impermeable layer beneath the soil. On slop-
ing ground things may become more complicated. As long
as the position is fixed, it does not matter too much, since
mostly we are concerned with differences of water poten-
tial between one place and another, so that the actual
height of the reference location does not enter into this.
In this book we will always use the local soil surface as
the reference location.

The energy required to lift the water through a height
h was calculated in Equation 2.1.4. Using z to denote
the depth in the soil, the energy required to lift the water
through this distance per unit weight is

E
wg

=
wz
w

= z 2 1 7
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The potential, ψg, is the negative of this, since the defi-
nition requires water to be put into the soil:

ψg = −E = −z 2 1 8

ψg is known as the gravitational potential because it
describes the work done against gravity.

Next, the definition stipulates that the water from the
soil has to be placed into a pool of purewater. The soil water
may be better named soil solution, as it almost always con-
tains solutes of some kind. To separate out these solutes
and recover pure water requires energy. This energy is
expressed in the term osmotic potential, ψs, and is related
to the osmotic pressure between a solution and pure water
separated by a semipermeable membrane. Once again,
osmotic potential is a negative quantity, as energy is
required to reverse the process of dissolving solute in
the water.

The definition requires that the reference pool be at
atmospheric pressure. The air in soil is usually at atmos-
pheric pressure. Under these circumstances, there is no
additional contribution to the potential. This is not always
true, for instance, when there is a layer of saturated mate-
rial separating the point of interest from the surface or
where there may be sources of gas within the porous body,
for instance, methane generation in a wetland or landfill.
The matric potential is the part of the potential caused by
the difference in pressure of the soil solution from the
local atmosphere. If the gas-phase pressure in the soil is
different from that at the surface, then an additional term
is required to account for this and to bring the total poten-
tial of the soil water back to that of water at atmospheric
pressure at the reference point. The magnitude of this
term in head units is equal to the difference in pressure
between that of the soil air and atmospheric pressure at
the reference point. This term is called the gas pressure
potential, ψa.

In some cases, the soil matrix may not be sufficiently
rigid to support all of the weight of the overlying material.
These are usually swelling soils, where the soil surfacemay
go up and down as water content changes. In such cases,
a part of the weight of this overburden is transmitted to
the water in the soil, which helps to support that weight.
Therefore, in some soils an overburden potential, ψo, can
be identified as contributing to the overall water potential.
Wewill not bemuch concernedwith the overburden poten-
tial in this book.

Having discussed all the contributions to the soil water
potential, we can now put them together to obtain an over-
all value for the potential:

ψ =ψm +ψg +ψs +ψa +ψo 2 1 9

Osmotic, gas and overburden potentials are only rarely
of sufficient magnitude to make a material difference to
soil water behaviour. Moreover, the most common
instruments for measuring water potential, tensiometers

(Chapter 12), do not respond to osmotic potential, but indi-
cate the sum of matric, gravitational, gas and overburden
potential, collectively called hydraulic potential, ψh. In
most cases, we will be concerned only with matric and
gravitational potential.

2.1.2 Soil water characteristic

As explained earlier, increasing difficulty is experienced
in extracting water from the soil as it dries from satura-
tion.We expect, therefore, that there is a relation between
the soil water potential and its water content and that wet
soil is associatedwith high (i.e. less negative) water poten-
tials and dry soil with increasingly low (more negative)
ones. Laboratory studies have shown that there is a
threshold value, called the air entry potential, above
which the soil remains saturated. This can be visualised
as corresponding to the size of the largest pores in the soil,
which require some energy to extract water from them.
Wewould expect that fine-textured soils (those composed
of small particles – silts and clays) would have small pores
and hence retain more water at low water potentials than
coarse-textured soils. Lastly, some soils have a much
wider range of pore size (usually associated with a large
particle size distribution, for instance, loams) than others.
These will lose water over a much larger range of poten-
tial than those with a narrow range of pore size. Taking
all these factors into account, we expect the relation to
look somewhat like that depicted in Fig. 2.2 for a range
of different soils. This relationship is called the soil water
characteristic.

Unfortunately, this is not a unique relation for any par-
ticular soil. The main cause of this is hysteresis, which
means that there is some kind of memory in the soil water
systemwhich causesmorewater to remain in the soil when
the conditions change from wetting to drying. The

Fig. 2.2 Soil water characteristic curves for three different soils.
(See insert for colour representation of the figure.)
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phenomenon is depicted in Fig. 2.3. The two outside curves
are known as the primary drying and wetting curves and
represent wetting from total dryness to saturation and back
again. Usually, these are not the end points of the process in
the field, and the behaviour follows intermediate scanning
curves, which lie between the primary curves. Hysteresis
is frequently ignored, mainly because of a lack of reliable
data to characterise it, especially in field situations (see
Section 15.5).

Intuitively, it seems reasonable that, after wetting the
soil and reversing the process, the drying is likely to lag
behind the wetting at the same water potential. Similarly,
after drying the soil, the soil will remain drier at the same
water potential as it did while wetting.

2.2 Dynamic Properties of Soil Water

The dynamic properties of soil water control themovement
of water within the soil body.

2.2.1 Hydraulic conductivity

Inmost forms of transport, movement is caused by a force,
which may be expressed as the gradient of potential
energy. In the case of soil water, the forces are caused
principally by gravity and matric potential, which, as
explained in Section 2.1.1, may be thought of as a pres-
sure. A volume of soil of area A and thickness Δz in the
vertical direction with a volumetric water content of θ
will contain water with a weight θρwgAΔz. The pressure
on the upper side of this volume will be ψm(z) and that
on the lower side is ψm(z +Δz). This acts on an area of
water equal to θA. The net force in the z direction is,
therefore, θA[ψm(z) − ψm (z + Δz)] + θρwgAΔz.

This is depicted in Fig. 2.4.
Darcy (1856) discovered that the rate of flow of water

was proportional to this force in saturated porous media,
where the water potential can be equated to a real pressure.
Later, it was demonstrated that Darcy’s law also holds
under unsaturated conditions (Buckingham, 1907). If
we write

ψm(z) − ψm(z +Δz) as dψ/dz Δz, then Darcy’s law can be
written as

q = −K
dψ
dz

2 2 1

where q is the rate of water flow, taken as positive in the z
direction.

The quantity, q, is a volume of water crossing an area,A,
in a certain time, t. It therefore has dimensions of a volume
[L3] divided by an area [L2], divided by time [T], which gives
[LT−1], which is the same as a velocity. For this reason, it is
sometimes called theDarcy velocity. However, it is not the
actual speed ofwater flow,which is, on average, equal to qθ.
Because we expect water tomove faster in larger pores than
in small ones, some of thewaterwill bemovingmuch faster
than qθ, while some will be moving much slower.

The constant of proportionality, K, is known as the
hydraulic conductivity. Darcy’s law is similar in many
respects to other well-known laws of physics, in which
the flow of some quantity is proportional to a gradient of
a potential. Examples include Ohm’s law, where current
flow is proportional to electrical potential (voltage) gradi-
ent, and the law of heat conduction, in which the flow of
heat is proportional to the gradient of temperature.

In most common situations, the constant of propor-
tionality varies very little, if at all, with the other state
variables. This makes it relatively easy to solve the govern-
ing equations, which are known as linear equations. In
unsaturated materials, however, the hydraulic conductiv-
ity is strongly dependent on the water content. Because,
as described previously, water content and water potential
are linked, the unsaturated hydraulic conductivity is also
strongly dependent on the water potential, and we also
expect the relationship to be hysteretic. These complicate
matters considerably and make the equations governing
the behaviour of water in unsaturated porous materials
highly non-linear and difficult to solve.

There are several reasons for this strong dependence of
hydraulic conductivity on water content:
1 The area of water-filled space available to conduct flow
reduces as the water content decreases.
2 To compound this, the water-filled pores reduce in size.
Poiseuille’s law states that flow rate reduces according to

Fig. 2.4 Water-occupied areas on a slab of soil.

Fig. 2.3 Hysteresis in soil water characteristic.
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the fourth power of the pore radius (or, approximately, as
the fourth power of the matric potential).
3 Furthermore, the water-filled pathways become more
convoluted or tortuous, so that the actual distance covered
by a particle of water in getting from one point to another
lengthens.

The result of these effects is that hydraulic conductiv-
ity covers a range of several orders of magnitude over the
normal range of water content found under field condi-
tions. This imposes severe constraints on the ability to
measure the relationships between the variables of
interest.

2.2.2 Equation of continuity

The equation of continuity is merely an expression of the
principle of conservation of mass. In any volume of soil,
the difference between the amount of water entering it
and that leaving it must be equal to the rate of increase
in water content, in the absence of any internal sources
or sinks of water (e.g. roots). If we use the example of a thin
slab of soil as earlier (Section 2.2.1), then if flow, q, is all in
the vertical (z) direction, the amount of water entering it
from the top is Aq(z), while that leaving from the bottom
is Aq(z + δz), as shown in Fig. 2.5. The rate of increase in
total water content, M, is, therefore,

∂M
∂t

=Aq z −Aq z+ δz 2 2 2

Now,M is equal to the volumetricwater content, θ,mul-
tiplied by the volume of the slab, Aδz, and q(z + δz) may be

written as q z + ∂q
∂z δz. Then (2.2.2) becomes

Aδz
∂θ

∂t
=A q z −q z −

∂q
∂z

δz 2 2 3

which simplifies to

∂θ

∂t
= −

∂q
∂z

2 2 4

The equation of continuity, therefore, relates the rate of
change of water content at a point in the soil to the gradient
of water flux. If the water flux increases downwards
through the soil profile, then the water content must be
decreasing. This may be understood intuitively. If the flow
increases with depth, then the water to supply this must
come from a reduction in the water content of the soil.

2.2.3 Richards equation

If we substitute q fromDarcy’s law, Equation 2.2.1, into the
equation of continuity, Equation 2.2.4, then we obtain

∂θ

∂t
= −

∂

∂z
−K

∂ψ

∂z
2 2 5

and if we write ψ = ψm + ψg = ψm − z, then we get

∂θ

∂t
=

∂

∂z
K

∂ψm

∂z
−1 2 2 6

Equation 2.2.6 is known as the Richards equation, after
L.A. Richards, who first derived it (Richards, 1931). It
should be noted that it does not contain the water flux
explicitly, but merely relates changes in water content to
those of water potential.

2.2.4 Three-dimensional flow

For simplicity, the preceding discussion has been con-
ducted in terms of one-dimensional (vertical) flow only.
In many situations, this is perfectly adequate. Soil is, how-
ever, a three-dimensional body, and sometimes it is neces-
sary to take horizontal movements into account, for
instance, on hillslopes. Equations 2.2.1–2.2.6 are readily
extended to the three-dimensional case, although their
applicationmay not be straightforward because gravity acts
only in the z direction and many soils are anisotropic, with
different hydraulic conductivity in different directions
(usually horizontally and vertically).

2.3 Preferential Flow

The descriptions earlier suggest that the flow of water in
soil is a regular, spatially uniform phenomenon, capable
of neat encapsulation in a set of partial differential equa-
tions, and all that is necessary to understand soil–water
interaction is an ability to solve these highly non-linear
equations and a means of measuring the relevant physical
properties of the soil. Solution of the equations is not
straightforward, and much work has been and continues
to be done on finding analytical and numerical methods
of achieving this objective. It will be seen in Chapters
15–18 that measuring soil water properties is also difficult,
particularly over an extended range of water status. More-
over, it turns out that water in soil often does not behaveFig. 2.5 Water entering and leaving a thin slab of soil.
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in a way that allows it to be described as uniform. Several
phenomena are responsible for this, which result in water
moving up and down a soil profile verymuch faster in some
places than in others. These come under a collective name
of preferential flow. The importance of preferential flow
has become increasingly recognised over the past three dec-
ades, and methods for describing it quantitatively at the
field scale are emerging (Beven & Germann, 1982, 2013).

Although preferential flow is now known to be impor-
tant inmany situations, this does not completely invalidate
approaches based on an assumption of a uniform medium.
Preferential flow is usually an intermittent phenomenon,
occurring most often under very wet conditions. For the
rest of the time, the soil water system often behaves accord-
ing to themore well-established principles embodied in the
descriptions of Sections 2.2.1–2.2.3.Moreover,many useful
and reliable applications of traditional soil water dynamics
have been developed over several decades.

There are several different causes and mechanisms
of preferential flow. The most important ones will be
described briefly in the following.

2.3.1 Spatially variable infiltration

Infiltration of rain or irrigationwater into the soil is affected
by many factors. Among these are:
• Surface cover: Vegetation covering the ground helps
shield the surface from the impact of raindrops. Where this
is absent, compaction and/or sealing of the surface may
occur, leading to locally reduced infiltration and runoff to
other areas, where enhanced infiltration takes place.
The vegetation itself may modify the input of water to the
surface. Trees, bushes and tall crops, such as maize, for
instance,oftenchannelwaterdowntheir stemsas stemflow,
leading to enhanced infiltration close to the plant and con-
sequently less elsewhere. The canopy of these plants also
oftenmodifies the input to the ground surface, aswater runs
on or off leaves, branches and stems to drip points.
• Microtopography: Small differences in elevation between
points in an otherwise flat area can, under heavy rainfall or
irrigation and, in some cases, snowmelt, cause water to run
from higher places to lower ones, where it forms pools
which subsequently infiltrate into the underlying soil.
This is enhanced where the soil surface is hydrophobic
or crusted. Schuh et al. (1993a, b) described in meticulous

detail the degree of non-uniformity of infiltration caused
by very small irregularities in the surface of a field in North
Dakota.
• Crusting: The impact of raindrops in conjunction with
the properties of the surface soil may cause the formation
of a surface crust or seal, inhibiting the infiltration of water.
Where the seal is broken or less effective, infiltrationwill be
greater.

2.3.2 Non-uniform transport within the soil

• Fingering: Although not completely understood, finger-
ing is a form of instability whichmay occur in uniform soil.
It is most commonly encountered in dry, coarse-textured
and hydrophobic soils; that is, in arid and semi-arid envir-
onments, and soils high in organic matter. It is closely
related to the commonly observed phenomenon of a dense
liquid overlying a less dense one in a jar. The dense liquid
would, naturally, lie below the less dense one, and it
achieves this by forming fingers, downwhich the dense liq-
uid flows. In soil, a very similar behaviour is observed and
wet pathways form, down which almost all of the water
flows, leaving the soil between completely dry.
• Macropores:Macropore is a name given to a variety of dif-
ferent void structures encountered in the soil. The principal
characteristics are that they are significantly larger than the
majority of pores in the soil (usually several mm width or
diameter but could be much smaller in fine-textured mate-
rials) and are usually continuous over distances of several
dm, usually, but not always, in a direction close to vertical.
Macropores include cracks in clay-rich soils; holes formed
by worms, insects, rodents and other macrofauna; voids
created by agricultural implements; and channels formed
by roots, which often have decayed. The surface of the
macropore may have a modified structure as a result of
water running down it or be coatedwith organic substances
or other material washed onto it. The macropore may also
be partially or completely infilled with organic matter or
other material originating from higher in the profile.
Macropores are usually effective as conduits for water flow
if they are exposed at or very close to the soil surface.Water
flow within them occurs often as film flow, which requires
a free water source. Where they are filled, matric potential
must be high. For instance, a 1-mm-radius pore will empty
at a matric potential of about −15mm water.
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3 What Do We Need to Measure?

Water content, water potential and hydraulic conductivity
can be regarded as the basic variables governing the beha-
viour of water in soil. There are, however, combinations
of these which are often more useful or which some meth-
ods yield directly. Additional information may be required
to obtain estimates of the basic variables. The more impor-
tant combination variables are described in this chapter.

3.1 Diffusivity

Water flows in soil in response to a potential gradient, and in
many situations, the dominant gradient is that of matric
potential. Combining this with the fact that there is a rela-
tionshipbetweenwaterpotentialandwatercontent, it should
be clear that, in a homogeneous soil, water flow can be
thought of as occurring in response to a gradient ofwater con-
tent. In this case, the appropriate constant of proportionality
is called the diffusivity,D, that is, in the absence of gravity:

q= −D
dθ
dx

3 1 1

Comparing this with Equation 2.2.1, diffusivity is
related to the basic variables by

D =K
dψm

dθ
3 1 2

The inverse of the quantity dψm/dθ (dθ/dψm) is called the
specific water content. The concept of diffusivity is famil-
iar in heat conduction situations, although usually both K
and the slope of the heat content – temperature curve (the
specific heat capacity) – are very nearly constant in that
case, making diffusivity constant.

The Richards equation can be written in terms of diffu-
sivity as

∂θ

∂t
=

∂

∂z
D θ

∂θ

∂z
−
dK
dθ

∂θ

∂z
3 1 3

Diffusivity in the soil water sense is important for
two basic reasons. One is that it varies considerably less
over the range of soil water status normally encountered
than does hydraulic conductivity, making its accurate
measurement easier. Because of this, it reduces the
non-linearity of the equations governing soil water
dynamics, easing their solution. The other is that several
methods for measurement of hydraulic properties yield
diffusivity directly, rather than the basic properties.
Set against these are limitations which result from
ignoring hysteresis, gravity and spatial changes in
hydraulic properties.

3.2 Matric Flux Potential

Matric flux potential is an integral hydraulic property, that
is, it incorporates all the effects of soil wetting from a com-
pletely dry state to the wetness level of interest.

It is defined as

ϕ ψm =
ψm

−∞
K ψm dψm =

θ

0
D θ dθ 3 2 1

Like diffusivity, it has the advantage of varying much
less than hydraulic conductivity, and some measurement
methods yield its value directly.

3.3 Sorptivity

Sorptivity is a useful variable to describe the initial stages of
wetting of soil from a dry state. It was introduced by Philip
(1957), who showed that the early stages of soil wetting
could be represented by a series expansion:

I =
t

0
idt = St1 2 +A2t +A3t3 2 + +Antn 2 + 3 3 1

Soil Water Measurement: A Practical Handbook, First Edition. J. David Cooper.
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where

S is the sorptivity and
the terms An are complex functions of the diffusivity,

hydraulic conductivity, time and the distance from the
surface to the wetting front
In the absence of gravity, that is, for horizontal infiltra-

tion, only the first term on the right-hand side of
Equation 3.3.1 occurs:

Ihoriz =
t

0
ihoriz dt= St

1 2 3 3 2

The early stages ofwetting in the presence of gravity also
approximate this behaviour and may persist for several
hours in fine-textured soils.

Under these conditions, sorptivity is defined by

S =
θf

θi

zt1 2dθ 3 3 3

In this equation, the integration is made over the range
between the initial and final water content, and zt1/2 is the
combination of depth, z, and square root of time, t1/2, where
the water content is equal to θ.

The terms involving An in Equation 3.1 are, essentially,
corrections to account for gravity effects. By concentrating
only on the early stages of infiltration, where gravity effects

are small, sorptivity may be measured directly, and the
other terms ignored.

Sorptivity is not an easy variable to deal with, andmuch
effort has been expended in trying to express it in terms of
more familiar variables.

Some approximate relations are

D θ1 =
πS2

4 θf−θi
2

θf−θi
1 + γ log e

∂

∂θ1
log S2 −

1−γ
1 + γ

3 3 4

and, where the final water content is saturation

S = 2
θs

θi

θ−θi D θ

F θR
dθ

1
2

3 3 5

These both contain an unknown variable. In the case of
(3.3.4), the weighting parameter, γ, can be varied between
0.5 and 0.62 without much effect. A value of 0.62 is recom-
mended (Dirksen, (1975, 1999, 2001). In (3.3.5), F(θR) is a
shape parameter, whose value can vary only over a small
range (Philip, 1973; Philip & Knight, 1974; Kutilek &
Nielsen, 1994; Clothier, 2001).

If we are interested in infiltration into soil, then
a directly measured value of sorptivity rather than
the other more ‘basic’ parameters may well be of more use.
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4 Spatial Variability

It is a common observation that soil and geological materi-
als vary from place to place, often quite dramatically over
very short distances. These changes generally reflect the
processes that formed thosematerials. It is therefore hardly
surprising that hydraulic and many other soil properties
vary by large amounts over relatively small areas.
A complicating factor is that different measurement meth-
ods involve different volumes and/or areas of ground, thus
potentially exaggerating or masking the effect of spatial
variability.

The degree to which spatial variability affects any
results depends among other things on:
• The scale at which the measurements are valid
• The scale at which the measurements are to be used
• The degree of spatial variability
• The desired level of accuracy in the measurements
• The distance over which values of the relevant variables
are correlated
• The amount of correlation between different variables

It is clear from this list that dealing with spatial variabil-
ity is far from simple. In most investigations, several of the
factorsmentioned are either not known or can be estimated
only very roughly.

4.1 Representative Elementary Volume

Some general observations may help to put the phenome-
non into perspective. We will use soil water content obser-
vations as an example, as these are probably the most easy
to visualise. The principles apply, however, to almost all
kinds of measurement.

Firstly, any measurement of a physical quantity has an
underlying implicit assumption that there is a degree of
local homogeneity of that quantity, such that by moving
a short distance away from one measurement location to
another and making another measurement, a very similar
result will be obtained. Soil water content is measured, in
the simplest way, by taking a volume of soil and measuring
the amount of water within it. In fact, this is true of all

methods, although the boundaries of the volume may not
be very well defined and some parts of it may contribute
a greater or lesser amount to the final value than others.
If we go to a very small scale, say, that of a molecule, then
the volume will be either within a solid making up the soil
fabric (zero water content), in the air phase (again zero
water content if we ignore water vapour) or within the liq-
uidwater (100%water content). It is clear thatwe canmove
our measurement position by a very short distance – less
than 1mm – and go from 0 to 100%.

As the measurement volume becomes a little larger,
there will still be plenty of places where it is still wholly
within one of the three phases, but a few are occupied partly
by two or three of solid, air and water. As the volume
becomes larger still, the number of locations at which it
is possible to be wholly within one phase will diminish,
while those with a proportion of all three phases will
increase. At some point, it will be impossible to find any
location where the volume can be wholly within one or
even two of the phases. And as the volume becomes larger
still, it will matter less and less exactly where it is located,
since the volume around each location will be almost iden-
tical in its composition of the three phases. This volume is
termed the representative elementary volume (REV). Gen-
erally speaking, it is not productive to measure any quan-
tity at a scale smaller than this one. Intuitively, it seems
reasonable that the REV will be of a size to contain several
of the basic units of the soil. For a granular soil, thesewould
be individual grains, for an aggregated soil, aggregates, but
for those with larger structures, for example, cracking
clays, things become less clear and may well depend on
the purpose for which the information is being collected.
For instance, vertisols tend to crack deeply, with wide
cracks, spaced typically 1m apart. A true REV for such a
soil would be many cubic metres. However, it is beyond
the capability of most measurement methods to average
over this volume, and there is often a need to understand
what is happening at a scale much smaller than this. An
REV for the soil between the cracks is likely to be of the
order of cubic centimetres. Although the cracks may
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account for only a very small part of the total volume, and
hence will have an almost negligible effect on total soil
water content, they may, under storm conditions, conduct
most of the water. This example highlights the need to
understand what the processes are and how they vary
spatially.

4.2 Deterministic versus Random Variation

Next, there are several types of variation of soil properties
that we should be concerned with.

First, and perhaps most obviously, there are variations
with depth, which are caused predominantly by soil-
forming and geological processes. These may vary rela-
tively smoothly, or there may be abrupt changes of soil
from one horizon or from one lithological unit to another.
Knowing where these boundaries occur is often essential in
designing an instrumentation array for a site and in inter-
preting data from it. In soil, the boundaries between hori-
zons tend to be relatively close together, and several
kinds of instrument will integrate over a distance compara-
ble with that, thus effectively smoothing out any abrupt
variations.

Second, there are variations in the horizontal direction.
Again, these may be relatively smooth, as, for instance,
down a slope, or abrupt, as will happen if the parent mate-
rial suddenly changes along a horizontal line. This sort of
change, whether smooth or abrupt, is called deterministic,
as it reflects somewell-defined (if not always known) cause.

On top of this, there are random changes from place to
place. It may often be difficult to distinguish between the
two types, as a smooth variation from one point to another
may become an essentially random variation when
sampled at a wide spacing. Theremay also be an underlying
deterministic cause to these variations, which is unknown.
Deciding what is likely to be random and what is not is
therefore not easy and requires a degree of subjective judge-
ment which may prove to be wrong. It is wise, therefore, to
be cautious and sometimes to consider data assuming, on
the one hand, that the variations are random and, on the
other, that they have a deterministic cause.

4.3 Geostatistics

The theory of geostatistics has been developed to deal with
variations whose degree of randomness depends on the spa-
tial relationship between measurement points. It starts
from the reasonable premise that one expects thatmeasure-
ments of any quantity made at two different points are
likely to bemore similar to one another the smaller the dis-
tance between the two points. This is usually expressed in
terms of a semi-variogram. This is a graph of half of the
mean square difference between measurements made at
two points separated by some distance (known as the
semi-variance), plotted against that distance. Because the

semi-variogram may be different in different directions, it
is usual for the data to be collected at points along one or
more lines, known as transects. Also, because it is neces-
sary to calculate a mean of values, all at the same spacing,
the observations should be made at regular intervals along
this transect. The number of basic intervals between obser-
vations used to construct the semi-variogram is known as
the lag.

The semi-variance at lag m is defined by

γm =
1
2l

l

j= 1

y j −y j +m 2 4 3 1

where
γm is the semi-variance at lag m;
l is the number of pairs of observations used to calculate the
semi-variance and

y(j) is the observation at point j along the transect.
For a transect which consists of n equally spaced obser-

vation points, there will be n − 1 values of j at lag 1, n − 2 at
lag 2, n −m at lag m and only one (involving the point at
each end of the transect) at lag n − 1. Clearly, for a meaning-
ful value of the mean, several values of the difference are
needed. In practice, it is necessary to ensure that l is greater
than about 6. Moreover, since we need to construct a graph
of γm versus m, we need several values of m, say, 10, to be
able to define a reasonable curve.We need, therefore, amin-
imumof about 10 + 6 + 1 = 17 points along our transect to be
able to construct a meaningful semi-variogram. If we need
to know its form inmore than one direction, then the num-
ber of points requiredwill increase correspondingly. It often
happens that there are two principal axes along which var-
iation occurs more or less at right angles to one another.
These directions may not be known in advance. If we hap-
pen to choose two transects at right angles to one another,
but at 45 to each of the principal axes, then we would not
detect any difference between the two transects, even if
there is a substantial difference between the principal axes.
It is wise, therefore, to check that the semi-variogram is
the same at 45 , although this need not involve as many
measurements.

The form of semi-variograms varies, but some common
shapes are illustrated in Fig. 4.1.

The first of these (Fig. 4.1a) is quite common and illus-
trates several features. First of all, extrapolation to zero
lag produces a finite value for the semi-variance, known
as a nugget. The term derives from the origins of the meth-
odology in the gold mining industry. Clearly, a lag of zero
implies several measurements made at exactly the same
place, and so one would expect a zero nugget. The fact that
this is not normally obtained is partly because of inherent
errors in themeasurements, meaning that there is usually a
small difference between two or more successive measure-
ments of the same quantity under identical conditions.
Usually more significant, however, is the fact that the true
semi-variogram falls to a very small value at zero lag within
the distance represented by one lag. A hypothetical curve is
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shown by the dashed line in Fig. 4.1a. Secondly, the semi-
variance increases steadily with lag. This is what is
expected –measurements from points close to one another
are expected to differ less than those from further apart.
Thirdly, the semi-variance reaches a limiting value, known
as a sill, beyond which it does not increase any further. The
distance at which the semi-variance reaches the sill is
called the range. Measurements further apart from one
another than the range can be regarded as uncorrelatedwith
one another. This kind of behaviour will be returned to
shortly.

The second form of semi-variogram (Fig. 4.1b) shows no
dependence of the semi-variance on distance. It implies
that nomatter how close to one another wemakemeasure-
ments, they will be equally independent. It is likely, how-
ever, that the semi-variogram has a form similar to that of
Fig. 4.1a but that the range is smaller than one lag. If we had
chosen sampling points closer together, then the picture
might well be different. It would be dangerous, therefore,
tomakemeasurements closer than one lag and still assume
that they were not correlated.

Figure 4.1c shows a semi-variogram whose semi-
variance keeps increasing, seemingly without limit. This
may be the opposite case to the previous one, and our tran-
sect is shorter than the range, and so the semi-variance does
not achieve the sill. It could also be caused by a monotonic
change of the variable along the transect, known as a drift.

Lastly, Fig. 4.1d shows an oscillatory behaviour. This
probably indicates some periodicity in the underlying
values of the variable. These may be caused by a variety
of factors, such as ploughing or planting, ancient ridge
and furrow treatment of the land, periglacial action, regular
changes in the underlying lithology, etc.

In both of the last two cases, it would probably be helpful
to remove any underlying deterministic variation from the
data first. The correlation between the random fluctuations
could then be seen more easily. In any case, geostatistical
theory requires that any such trends be removed. It is
important to remember, however, to put these back into
any estimatesmade on this basis. It is also difficult, asmen-
tioned in Section 4.2, to be certain what represents a deter-
ministic variation and what is random.

4.3.1 Uses of geostatistics

Now that we have a picture of the likely variations and
their scale, we can use these for a variety of purposes. We
will assume that a semi-variogram of the form of Fig. 4.1a
is applicable. It has been shown that those in Fig. 4.1b and c
may be special cases of this and that it may be possible to
transform Fig. 4.1c and d to such a form by taking out deter-
ministic trends.

If we need to characterise an area, therefore, we must
make a series of measurements to capture all of the varia-
bility. Some of this variability will be deterministic in
nature, perhaps easily identified by different crops, land
uses or obvious differences in elevation or soils. Such units
should be treated separately. Within a nominally ‘homoge-
neous’ unit, however, geostatistics can help decide on
measurement locations, spacing, total number of points
to achieve a required accuracy, likely levels of accuracy
of the mean within the area and interpolation of estimates
between measurement locations.

The first step is to identify the semi-variogram by laying
out one or more transects. Because the range is not, at this
stage, likely to be known, the transect(s) should cover as
much of the complete area of interest as possible. If it is con-
finedto justonepart, a fundamentalchange insoilproperties
in another part may be missed. Measurements should be
made at as many locations as economically possible along
the transect(s) to provide a well-defined semi-variogram.

Next, themeasurements should be examined as a plot of
value against position. Obvious dubious points can then be
identified. If possible, measurements at these positions
may be repeated to checkwhether they are caused bymeas-
urement errors. In any case, any clear outliers should be
omitted from the analysis. The omission of one or two data
points will not invalidate the calculations. This examina-
tion should reveal any clear trends in the data or sharp
boundaries within the area. If there are two or more obvi-
ously different regions, these should be analysed separately.
The data should be corrected for any clear trends by draw-
ing a smooth curve through the data and subtracting this
from each reading.

The semi-variance for each lag can then be calculated
according to Equation 4.3.1 and the semi-variogram con-
structed. With luck, this will allow the range, sill and nug-
get to be identified.

A sampling scheme for the area as a whole can now be
designed. To get the maximum information from a limited

Fig. 4.1 Different forms of semi-variogram. (a) Spatially
dependent with sill and nugget. (b) Spatially independent.
(c) Variability increasing with no sill. (d) Periodic.
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number of observation points, they should be spaced apart
by a distance greater than the range. This will avoid losing
information as a result of correlations between one point
and another. It will also mean that normal statistical tests
formean, standard deviation and standard error of estimate,
which assume that data points are independent of one
another, can be applied. If the range is short, then there is
no advantage to spreading measurement points over a wide
area and they can be clustered together for convenience, so
long as the initial survey covered the whole area and there
is confidence that there are no deterministic changes
within it.

Usually, other factors must be taken into consideration
when choosing observation points, particularly for perma-
nently installed instrumentation. This is likely particularly
to be the case when instruments are installed in cropped
fields. The difficulties for both farmer and experimentalist
in accommodating one another’s needs should not be mini-
mised. The pressure to site instruments close to field
boundaries or in islands of grass, fallow or bare soil within
a field otherwise planted to an arable crop needs to be
resisted strongly. A solution calls for close co-operation
between the two sets of people and a degree of compromise
on both sides.

4.3.2 Interpolation and error estimation

Geostatistics gives us a way to interpolate values of a var-
iable at unsampled points, to calculate areal averages of
a variable (e.g. soil water content over an area) and to
estimate the likely error of estimation for these values.

Kriging and interpolation
Kriging allows estimates of a variable at unsampled points
to be made from measured values at nearby points and a
semi-variogram of the variable. This will probably involve
fitting a function to the semi-variogram.

We will take as an example an area shown in Fig. 4.2.
Values of a variable, for instance,water content in the upper
metre of soil or matric potential at a depth of 0.5m, have
been measured at n points shown by the solid circles.
Now, assume that we want to find the value of the variable
at the point,X, shown by the open triangle. There are many
ways of combining the known readings to obtain an esti-
mate of the value at an unmeasured point. Kriging uses a
linear combination of the values from points near to X. It
can be shown that, using this basic method, kriging gives
an unbiased estimate with the smallest likely error of any
linear combination. For this reason, it is often referred to
by the acronym BLUE (best linear unbiased estimator).

The value of a variable,A, at positionX can be estimated
from a linear combination of values of A measured at n
sampling points as

A∗ X =
n

i=1

λiAi 4 3 2

where
the asterisk denotes an estimated quantity;
λi is the weight attached to the measured value at point
xi, and

Ai is the measured value at point xi.
To ensure that the estimate is unbiased, all the values of

λi must add up to one:
n

i=1

λi = 1 4 3 3

The error associated with this estimate of A is given by

ε=A X −A∗ X 4 3 4

and, if the estimate is unbiased, the average value of this
will be zero taken over all values of A in the area consid-
ered. Unfortunately, A(X) (and hence ε) is not known, but,
knowing the semi-variogram, the likely spread of values
can be estimated. As often, the best estimation ofA is taken
to occur when the average of the squares of the error, ε, σ2,
has its least value. In this case, σ2 is given by

σ2 =Avg A−A∗ 2 = 2
n

i=1

λiγ hi −
n

l=1

n

j=1

λiλjγ dij 4 3 5

Here
hi is the distance between X and xi and
dij is the distance between xi and xj

We have also used γ(hi) in place of γm to denote the semi-
variance at a distance hi, rather than for fixed lags. If a is the
basic lag distance, then

γ ma = γm 4 3 6

To minimise σ2, the partial derivative of Equation 4.3.5
is taken with respect to each variable λi and set equal to
zero. This does not, unfortunately, lead to a unique set of
values for the λs. To resolve this, an extra variable, μ, known
as a Lagrange undetermined multiplier, is introduced.

Fig. 4.2 Hypothetical area for kriging. Closed circles represent
points wheremeasurements are available. It is required to estimate
the value at the open triangle, X.
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We note that
n

l= 1

λi−1 = 0, so adding a quantity

μ
n

l=1

λi−1 to Equation 4.3.5will notmake any difference.

So this now becomes

σ2 = 2
n

i=1

λiγ h −
n

l=1

n

j=1

λiλjγ dij + μ
n

1

λi−1 4 3 7

Differentiating this equation with respect to each λi
leads to a set of n equations of the form

2γ hi −
n

j=1

λjγ dij + μ = 0 4 3 8

Together with Equation 4.3.3, we have n + 1 equations
and n + 1 unknowns (μ plus n values of λ).

Note that each one contains γ(dii), which is γ(0), the nug-
get semi-variance.

These n + 1 simultaneous equations can be solved by
standard techniques quite easily, provided that there are
not too many of them, to give a set of values for the λs.
An estimate of the error of estimation is also obtained by
substituting back into Equation 4.3.5.

Usually, it is found that the weights, λi, are close to zero
except for those of the nearest neighbours to the point at
which the estimate is required. For practical purposes,

the further points can be ignored, while the weights of
the closest neighbours are increased slightly to ensure that
they add up to one.

Other techniques
The foregoing has given an overview of the use of geostatis-
tics to take account of expected similarities between the
values of variables measured close to one another. Modifi-
cations to the basic theory would need to be made if the
semi-variogram depended on orientation. Methods are also
available to estimate the average value of a variable over an
area or volume (known as block kriging). Thiswould be use-
ful to estimate rainfall input over an area from a number of
scattered rain gauges, for instance. Sometimes estimates of
a variable which is difficult to measure are needed, but
values of another more easily measured variable which
has a (spatially dependent) relationship with it are availa-
ble. These can be used in a method known as co-kriging
and might, for example, allow estimation of bulk density
at unknown points from a sparse network ofmeasured bulk
density and a much denser one of clay content.

There are several other methods for incorporating
random spatial effects into soil research. To describe
these further here would not be practical, but interested
readers can consult a variety of books, including those
of Journel and Huijbregts (1978), Kitanidis (1997), Clark
(1979), Clark and Harper (2000) and Webster and
Oliver (2007).
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5 Definitions

5.1 Basis for Expressing Water Content

Intuitively, the phrase ‘water content’ is fairly straightfor-
ward. It is the amount of water held in a unit quantity of
soil. There are, however, several ways in which the unit
quantity can be defined.

We may, for instance, be interested in knowing how
much water is contained in a fairly large volume of soil.
Normally, a ‘volume of soil’ means in reality a volume of
space containing the soil that we are interested in. This
may seem pedantic, but it is important to be clear exactly
what is referred to. Many soils shrink and swell with
changes in water content and sometimes other influences.
In this case, by defining a fixed volume of space, the actual
quantity of solid soil material that it contains will change.
In such a circumstance, wemight be better advised to select
a defined mass of dry soil.

Alternatively, we might be interested in the storage
of water over a defined depth of the soil. This is a depth
in space, usually measured from the surface downwards.
If the soil shrinks and swells, then similar cautionary
remarks apply.

Again, we are often interested in the water content of
the soil at a ‘point’. A point is difficult to define exactly,
but we might expect that it would be the amount of water
held in a very small quantity of soil. However, we need to
recall the discussion in Section 4.1 on representative ele-
mentary volume (REV). In most cases, there is little value
in choosing a quantity of soil that occupies a volume smal-
ler than the REV. We can, therefore, define the water con-
tent at a point as being the quantity of water contained
within one REV of soil, centred at the point of interest,
divided by the volume of the REV or mass of soil within
it. In practice, it is very difficult to measure the amount
of water within one REV and must be content either with
that within a volume excavated from the soil or with the
water contained within the volume sensed by an instru-
ment upon or inserted into the soil. In the latter case, this
volume is usually quite uncertain and varies with the
water content.

To complicate matters further, a ‘point’ often refers to a
location on the ground, andwewant to knowwhat the total
water storage is over some depth of profile beneath this.

From the earlier discussion, it is clear that there are two
basic ways in which the ‘amount’ of soil and therefore the
water content can be defined.
1 The volume (or mass) of water contained within a REV
per unit volume of soil. This is the most common and use-
ful way to define it. We take the volume of water within a
volume of one REV and then divide it by the volume of the
REV. It is usual to express this as cubic metres of water per
cubicmetre of soil. This is normallywritten either as a frac-
tion or as a percentage in m3 m−3. This form is called the
volumetric water content and is usually given the symbol,
θ. An alternative name for θ is moisture volume frac-
tion (MVF).
2 Themass (or volume) ofwater containedwithin aREVper
unit mass of dry soil. This is similar, except that the quan-
tity of water is divided by the mass of dry soil within the
REV. It is normally written as kg kg−1. This form is called
the mass wetness and is usually assigned the symbol, w.
Sometimes, water content according to this definition is
described as gravimetricwater content.However, the direct
method of measuring water content by measuring the
loss of mass of a soil sample on drying is usually called the
gravimetric method. Gravimetric water content may,
therefore, be interpreted as w or as that measured by the
gravimetric method. To avoid this ambiguity, we will use
the term ‘mass wetness’.

Since both θ and w are dimensionless quantities, they
are often quoted as a fraction or percentage. Hence, it is
not always clear on what basis the water content is quoted.
This can lead to considerable confusion and error since
there are significant numerical differences between them.

If we know the dry bulk density of the soil and which
version has been used to express the water content, then
it can be converted to the other form quite easily.

If the volume of the REV or any other sample volume
is V, then this will be made up of a volume of water, Vw,
a volume of air, Va, and a volume of solid, Vs:
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Vw +Va +Vs =V 5 1 1

Or, dividing by V:

Vw

V
+
Va

V
+
Vs

V
= 1 5 1 2

Now Vw V = θ, the volumetric water content, and we
can similarly define Va V = θa, the volumetric air content.
We could also call Vs/V the volumetric solid content, but it
is more convenient to note that the space in the soil not
occupied by solid constitutes the pores. Thus the porosity,
ϕ, is defined as 1− Vs V , giving

θ + θa + 1−ϕ= 1 5 1 3

which reduces to

θ + θa =ϕ 5 1 4

so that the sum of the pore space occupied by water and by
air adds up to the total porosity.

Since air has a negligible density compared with that of
the solid and water, the total mass, M, within V is

M =Vwρw +Vsρs 5 1 5

where
ρw is the density of water (1000 kgm−3), and
ρs is the particle density.

We can also write Equation 5.1.5 using the mass of
solid per unit volume of soil, ρd. ρd is called the dry bulk
density. Then

M =Vwρw +Vρd 5 1 6

Comparing Equations 5.1.5 and 5.1.6, we see that

Vsρs =Vρd 5 1 7

and, since 1− Vs V =ϕ

ρd
ρs

= 1−ϕ 5 1 8

Now the mass of dry soil is Vρd and that of water is
Vρwθ. So

w =
Vρwθ

Vρd
=
ρwθ

ρd
5 1 9

or

θ =
ρdw
ρw

5 1 10

Because of the potential for confusion and serious error
arising fromdifferentways of expressingwater content, it is

recommended that the basis of calculation is always speci-
fied and/or that explicit units (e.g. m3m−3) are used.

In most cases described in this book, volumetric water
content is the most useful quantity, because we need
water volumes in a particular region of space to construct
water budgets. Moreover, most of the available instru-
ments for measurement of water content are sensitive
primarily to volumetric water content. The expression
‘water content’, therefore, will be taken to mean ‘volumet-
ric water content’ unless it is explicitly stated otherwise,
but we will use the units m3 m−3 to reinforce this message.

5.2 Standard Definition of Soil Water

There are many methods for measuring soil water content.
To compare these with one another, an agreed standard def-
inition andmethodology is needed. This will also serve as a
basis for calibration. It is clearly desirable that the standard
method should be as direct a determination of the water
content as possible to minimise the influence of confound-
ing factors. A standard definition should also ensure that
results from different groups of workers working on related
problems are comparable and that the measurement meth-
odology is available to all who need it.

The standard method is the gravimetric method
(described fully in Chapter 6). This is suitable for measur-
ing either volumetric water content or mass wetness
(Section 5.1).

Briefly, we define the water content of a sample of soil as
being equal to the mass change on drying the sample at a
temperature of 105 C until no further loss of mass occurs.
The practicalities of doing this are discussed in Chapter 6.
However, it is worth investigating some of the advantages
and limitations of this definition.

The choice of temperature of 105 C seems to have been
made on a naïve assumption that any water in soil would
evaporate off at about the normal boiling point of water,
100 C. It is now known that water continues to be released
from soil up to temperatures of at least 400 C. It also begs
another question about what actually constitutes soil
water, which was explored in Chapter 1. Also, some sub-
stances, most commonly organic compounds such as peat
and humus, may be volatilised or oxidised at temperatures
below 105 C, usually leading to a loss ofmass not caused by
evaporation of water.

In the face of these problems, it is clearly not possible to
specify a temperature for all soils which is suitable to evap-
orate off all water and, at the same time, ensure that no
other losses (or gains) occur.

An additional consideration is that the chosen tempera-
ture should be one at which there is little change in mass
for small differences either side of that temperature. This
ensures that variations in practice will have no material
effect on the results from different groups of people or at
different times. Unfortunately, there is no assurance
that this will be the case at any temperature. However,
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at temperatures just above the boiling point of free water
(100 C), water loss in most soils varies little with temper-
ature, although this is not true for every soil, in particular
those with a high organic content.

Good laboratory practice – regular maintenance and
calibration of instruments, and robust procedures for docu-
mentation and checking of results – is essential in obtaining
reliable and reproducible results. It is also important that
suitable equipment be available to carry out the necessary
operations at a cost which is affordable to the organisation.
The gravimetric method meets these criteria well. Labo-
ratory ovens are relatively cheap, reliable and have low
maintenance and running costs. Other standard laboratory
equipment is required, such as balances and thermometers,
and field sampling equipment which is inexpensive and can,
in most cases, be made in a basic engineering shop,

In summary, the main reasons for adopting mass loss at
105 C as a standard for soil water content are as follows:
• In most soils, there is little change in mass loss with
changes a few degrees either side of this temperature. How-
ever, it is important to be aware that this does not apply to
all soils; and sometimes it may be wise to use a different
temperature.

• In most soils, the great majority of water which partici-
pates in evaporation, drainage and root water uptake is
removed at this temperature.
• Equipment is available at modest purchase and running
costs to enable measurements to be made reliably and
reproducibly by most laboratories.
• The procedures necessary do not involve any sophis-
ticated techniques, thus ensuring that they are widely
applicable.

5.3 Measurement of Water Content

Chapters 6–10 discuss variousmethods formeasurement of
water content. Some of these are the subject of national and
international standards. In particular, by the International
Standards Organisation (ISO, 1995, 1998a, b, 2001, 2003)
and the American Society for Testing and Materials
(ASTM, 2009, 2010). The large (and growing) variety of
devices to measure water content means that only partial
intercomparison of the available instruments is possible.
The International Atomic Energy Agency has been pro-
active in this (e.g. Evett, 2000c).
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6 Gravimetric Method

The gravimetric method is the basic reference against
which all others are evaluated (Chapter 5). It is tech-
nically unsophisticated and requires only simple
equipment, much of which is usually available in labora-
tories. Most other equipment can be purchased at rela-
tively low cost or fabricated in a basic engineering
workshop. This does not, however, mean that obtaining
accurate results is completely straightforward. While a
high level of technical sophistication is not required, a
great deal of care and, often, physical effort is needed.
We will assume that water content is needed on a volu-
metric basis, which usually requires samples of a prede-
termined volume. Obtaining a sample of known volume
is usually themost difficult part of the process and the lar-
gest source of error. Alternatively, a separate measure-
ment of the sample volume or its density can be used to
convert mass wetness to volumetric water content
(Section 5.1). Mass wetness is simpler to measure, since
the volume of the sample is not needed. Methods for mea-
suring sample volume or density are described in Sections
6.4 and 6.5.

The method may be divided into four stages:
1 Obtaining a sample of soil from a specified depth. This is
usually of a predetermined volume (see above) collected by
a special sampler.
2 Transportation to the laboratory.
3 Weighing and drying the soil.
4 Calculation of the results.

In all of stages 1–3, great care is needed to avoid loss or
gain of water by the sample.

6.1 Equipment Required

The lists following are provided as a starting point for
workers to develop their own requirements. These will
vary according to many local circumstances, including
the kind of terrain in which the investigation is con-
ducted, weather conditions, the type of soil, local regula-
tions, etc.

6.1.1 Soil sampling equipment

The following equipment is required to take soil samples of
known volume from a given depth in the soil:
1 Large umbrella, tent, awning or portable gazebo to
protect the sampling area from rain or sun, reducing the
possibility of water loss or gain by the collected samples.
2 Spade for digging to the required depth and removal of
the sampler.
3 Sampler for taking cores of known volume from the
soil. This may not be necessary if mass wetness only is
required. However, it is still important that the location
and particularly the depth range of the sample are well
defined and so a purpose-made sampler may be the best
option.
4 Suitable impermeable containers for sealing and trans-
porting each soil sample from the field to the laboratory.
These may be plastic bags (preferably self-sealing), boxes
or tins with tight-fitting lids.
5 Measuring tape.
6 Spatula or large knife for trimming soil cores.
7 Post-hole or similar auger of diameter greater than that
of the sampler. This is necessary only if a spade has not been
used to access the top of the soil horizon from which sam-
ples are to be taken.
8 A suitable hammer to drive the sampler into the soil if
the sampler does not incorporate a sliding hammer (see
Section 6.1.3). For a small sampler (≲150mL), this may be
a ‘lump’ or ‘club’ hammer with a head mass of approxi-
mately 2 kg. For larger samplers, a long-handled sledgeham-
mer with a head mass of up to 7 kg may be necessary,
dependent on the type of soil, water status and design of
sampler.
9 Tools for sampler and auger. These will vary according
to the particular design of each item but will probably
include spanners, screwdrivers and files or other imple-
ments for sharpening the sampler.
10 Suitable protective clothing, including waterproof out-
erwear, rugged footwear, leather-palm gloves and eye and
head protection.

Soil Water Measurement: A Practical Handbook, First Edition. J. David Cooper.
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11 Supply of forms to record details of the sampling. In
many cases, it is advisable to have these printed on water-
proof paper. Alternatively, a handheld computer or smart-
phone may be used with, for instance, a spreadsheet
application, but these are often susceptible to getting wet
so that a waterproof cover is advisable.
12 Labels to identify samples. Plastic bags are available
having a roughened patch on them, which can be written
on. Provided that this can be done legibly and indelibly,
it is preferable to use these rather than separate labels, as
it reduces the danger of mixing up samples or losing the
label, and makes it easier to record and read the sample
identification.
13 Pens, pencils, marker pens, etc. to record details of the
sampling and to label samples.
14 Stout wooden or metal box to protect soil samples
from mechanical disturbance during transportation to the
laboratory and reduce the potential for water loss by eva-
poration. If possible, this should be divided into compart-
ments for each sample.
15 Portable balance for weighing samples in the field. This
is not essential but by weighing the samples immediately
after collection, any loss of water from them before they
reach the laboratory will not matter. The balance must,
however, be accurate to 0.1 g and rugged enough to survive
the journeys without loss of accuracy.

6.1.2 Laboratory equipment

1 Fan-assisted ventilated oven with thermostatic tempera-
ture control capable of controlling temperature to ±1 C
2 Thermometer to check temperature
3 Sufficient number of desiccators to hold all samples
being processed in one session, with approximately 100 g
dry silica gel or other drying agent in each
4 Balance capable of weighing to an accuracy of 0.1 g

6.1.3 Soil samplers

There are very many designs of sampler to gather known-
volume cores of soil in common use in laboratories
throughout theworld. By nomeans all of these designs have
been published. They vary in many respects from one
another as a result of different local conditions and also
the personal preferences of their designers. Some are avail-
able commercially, but many organisations prefer to con-
struct their own.

The appropriate size of core collected by the sampler is a
compromise between a number of factors including the
purpose for which the sample is being collected. To maxi-
mise the accuracy of volume collected, the sample should
be of as large an area as practicable. This reduces the rela-
tive importance of effects caused by the edge of the sample.
These include stones, which are usually pushed into or out-
side the sampler, in either case causing an error, damage the
cutting edge and make driving the sampler difficult. The
height of the sample should be large enough to ensure that

irregularities at each end do not cause a significant error.
Obtaining an accurate length to the sample is aided by col-
lecting slightly too much soil and then trimming the ends
off with a spatula or sharp knife.

A large volume of sample reduces the effects of short-
range spatial variability aswell as those at the sample edges.
Ontheotherhand, itmakes subsequenthandlingof thesam-
plesmoredifficult and time-consuming. It also increases the
effort required to drive the sampler into the ground,making
it necessary in some cases to use machinery. Long samples
also increase the risk of sample compaction through friction
between the sample and the retaining sleeve. This is helped,
but not necessarily eliminated, by the internal diameter of
the sleeve being slightly larger than that of the cutting ring.
The greater the ratio of diameter to sample length, the smal-
ler will be the chance of sample compaction.

Samples 50mm diameter and 50mm high are a popular
choice. These have a volume of 98mL. In general, it is
recommended that the height of the sample should be close
to that of its diameter.

The act of taking samples from field soils is very
demanding on the sampler, and often on the operator, par-
ticularly in heavy clay, stony and hard soils. The sampler
therefore needs to be constructed very ruggedly. This con-
flicts with the requirement to make the walls as thin as
possible. The conflict can be resolved to some degree by
making the sampler from strong steel. Experience shows
that welded joints are a particular weakness and should
be avoided if possible. The vibration from repeated impacts
usually causes a weld to fail eventually.

In some cases, where sampling can be done from a flat
surface – either the soil surface or the bottom of a dug
pit – simple samplers made from thin metal rings, shar-
pened at one end, can be used. These are suitable only for
soft, stone-free soils, where the ring can be pushed or gently
tapped into the ground. The advantages are that little spe-
cialised equipment is needed and that the quality of the
core is very easy to assess.

Most sampler designs have the basic construction
shown in Fig. 6.1. Fig. 6.2 is a photograph of a typical
sampler.

The key features are:
1 A sturdy body to transmit impact to the cutting edge and
to contain the sample. The thinner the casing, the easier it
is to drive the sampler into the soil and themore likely that
the sample collected is of the correct volume. However,
thin-walled samplers are less robust and may fail in use.
The casing should, therefore, be made of strong steel.

Marks engraved on the body of the sampler show the
position of the retaining sleeve inside and serve as a guide
to aid driving the apparatus into the soil by the correct
distance.
2 A removable cutting shoe with a sharp, circular edge,
which is straight on the inside and bevelled on the outside,
to ensure that the sample is cut from a well-defined cross-
sectional area. There is a trade-off between sharpness of the
cutting edge and its lifetime. A very sharp cutting edge is

27Gravimetric Method

FOR REFERENCE PURPOSES ONLY



easy to drive into the soil and less friction will be generated
on the outside leading to better sample quality. On the
other hand, stones in the soil and rough handling during
transport and field operations can easily damage such an
edge. Some workers have used a curved (convex) profile
to the cutting edge to try to reach an acceptable compro-
mise between sharpness and robustness. Such profiles are
difficult tomachine without a numerically controlled lathe
and the marginal advantage gained is probably outweighed
by the increased difficulty in production. The cutting shoe
material needs to be selected for its wear and hardness prop-
erties. Case hardening is a tried-and-tested method to
improve the hardness of the edge economically. Very hard
edges chip rather than bend when encountering a stone,
which may limit their life. They are also difficult to
resharpen.

The cutting shoe may be fixed to the body by a variety of
means. The main force when the sampler is driven into the
soil is compressive. However, once the sample has been
captured in the sampler body, it may be pulled out the soil,
so that it needs to resist this action. Usually, the cutting
shoe is secured by a screw thread, which must be screwed
fully up to the limit so that the force of the impact driving
the sampler is taken where the shoe butts to the body and
not on the threads, which have little strength if the sampler

is thinwalled. A disadvantage of screw threads, especially if
they are fine, is that particles of soil easily become lodged in
them and prevent the shoe being tightened fully or make it
difficult to unscrew. For this reason, coarse threads are pre-
ferred, especially ones with a square cross section, which
will take impact well.

A removable cutting shoe makes it easy to replace a
damaged cutting edge in the field aswell as accommodating
a separate sample sleeve.
3 A removable sample retaining sleeve. This fits inside the
sampler body, behind the cutting shoe, which may have a
rebate cut into to it to locate the retaining sleeve. The
inside diameter of the retaining sleeve is often slightly lar-
ger (1–3mm, dependent on the diameter of the sampler)
than that of the edge of the cutting shoe. This relieves pres-
sure on the inside of the sleeve, reducing friction between it
and the soil sample as it enters. This, in turn, helps tomini-
mise compaction of the soil sample.

The upper edge of the retaining sleeve butts against a
rebate in the upper part of the soil sampler body. There is
usually a space in the sampler body above the sleeve to
accommodate a small amount of overdriving of the sampler
into the soil. This spacemay be vented to prevent compres-
sion of air inside the body from restricting the free entry of
soil into the sampler.

Some workers use retaining sleeves split into two or
three separate rings. This allows one or both ends of the
sample, which may be disturbed, to be discarded or for
the sample to be divided into two or more parts. Alterna-
tively, the retaining sleeve may be split longitudinally to
ease the later removal of the sample. It is advisable to fix
the parts of the sleeve together with adhesive tape or (in
the case of longitudinally split sleeves) an elastic band
before insertion into the sampler.

Retaining sleevesmay bemade of any suitablematerial.
They are not required to be very strong but do need to be as
thin walled as possible to minimise the wall thickness of
the complete sampler. They should also be cheap so that a
large number can be kept in store. This allows samples to
be kept intact in the sleeves until they are processed, redu-
cing field operations and the potential for loss of water or
soil material when transferring the core from sampler to
transport container. In some cases, the sleeve can also
be used to support the sample for further experiments,
for example, in a pressure membrane apparatus or for
hydraulic conductivity measurement. Retaining sleeves
should, therefore, be made from easily available, non-
corrosive tubing cut into the correct lengths. Suitable
materials are stainless steel, brass, aluminium alloy or
plastic, although the latter will probably need to have
thicker wall if it is to be rigid. Some samplers use thin flex-
ible plasticmembranes to retain the sample, however. The
availability of suitable tubing for sleeves may well dictate
most of the other dimensions of the sampler.
4 Drive head. A means of driving the sampler into the soil.
If the sampler is to be used for sampling from the ground
surface or a prepared surface at the bottom of a pit, then

Fig. 6.1 Soil core sampler features.
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a thick top to the sampler body will suffice to allow the
sample to be driven into the ground. In many cases, how-
ever, the sampler will operate below the surface, and a drive
head with an extension to the surface is needed. This can
have a heavy steel block on top for striking with a hammer
or a fitting tomatewith a hydraulic push device ormechan-
ical hammer. A better alternative to use of a conventional
hammer is incorporation of a sliding hammer in the sam-
pler. A sliding hammer is a heavy steel cylinder, with an
axial hole, which slides up and down a guiding rod. It is
operated by raising the steel cylinder and dropping it onto
the sampler body or an intermediate platform on the guide
rod. Sliding hammers are efficient and convenient and
ensure that impact is along the sampler axis, with negligi-
ble side movement. Unless they are properly designed and
used, they can be hazardous, as it is easy to get fingers
trapped between the hammer and the drive head or the sam-
pler body, particularly when tipping the sampler. For this
reason, it is essential that the sampler be provided with a
means of locking the weight in place automatically at the
end of its travel.

6.2 Procedures

6.2.1 Before setting out

1 Obtain any necessary permission from landowners.
2 Sort out access arrangements, including routes and nec-
essary permissions.
3 Prepare location diagrams for sampling, together with
target sampling depths and suitable forms for use in
the field.
4 Ensure that all equipment is present and in good work-
ing order.
5 Weigh each sleeve to be used for sampling to an accuracy
of 0.1 g and mark the mass on it with an indelible marker
pen. Keep a separate record of these masses, as the marks
often rub off or become unreadable. It helps if the sleeves
have an identification number stamped on them (see
Section 6.2.3).

6.2.2 Soil sampling

The first requirement for the gravimetric method is
obtaining a suitable sample of soil from the desired loca-
tion. It is recommended strongly that sampling be done
by two or more people working together, as it is necessary
to both hold the sampler steady and force it into the soil.
In some cases, it is preferable to take samples from a ver-
tical face in a pit dug in the soil, although there is some
danger of the soil drying out if samples are not collected
promptly and precautions against pit collapse may be
necessary:
1 Dig or auger a hole of diameter greater than that of the
sampler to just above (~25mm) the top of the sam-
pling depth.
2 Carefully clean the top of the soil to leave a clean, flat
surface at the depth at which the top of the sample should
be. If some soil from the top of the sample is to be discarded,
allowance should be made for this.

This process is clearly much easier on a large surface,
such as in a pit dug for the purpose. It ismuchmore difficult
to achieve in an augered hole. Special clearing augers with a
flat end are available. It may also be possible to blow loose
soil out of the hole with a tube attached to a compressed air
cylinder or compressor. Overdriving of the sampler, so that
the top part of the soil collected is discarded, helps to ensure
that only undisturbed soil is retained. Overdriving must
not, however, be to the extent that the soil becomes com-
pacted in the sampler body.
3 Assemble the sampler and place it gently in position on
the top of the soil. If the soil is sticky, it may help to grease
the inside of the cutting shoe and retaining sleeve to help
ease the sample into the device. A lubricant spray, such
as WD-40, may also be used. Mark the sampler body or
drive head where it is level with a fixed reference point,
for example the soil surface. Make another mark above this
at a distance equal to the depth to which the sampler must
be driven into the soil. This distance should be the depth of
the cutting ring, plus that of the retaining sleeve plus a little
extra to be trimmed from the top of the sample. If the

Fig. 6.2 Soil sampler showing sharpened body, removable retaining sleeve and shaft to allow sampling at depth. This one does not
have a sliding hammer. Instead, the handle is used to hold it steady, while the sampler can be driven into the soil by blows to the heavy boss
at the top.
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retaining sleeve already has a separate ring at the top for
this purpose, this would be zero, otherwise 10mm is
recommended.
4 Drive the sampler into the ground until the upper mark
is level with the reference point. Do not drive it further, as
there is a danger of compacting the sample. The sampler
may be driven by pushing it into the ground, either manu-
ally or using a hydraulic ram or by hammering.

If the soil is soft, then pushing it in gently will normally
be preferred, as this is likely to lead to less disruption to
the sample and is easier to control. Mechanical pushing
requires something for the ram to react against, which
would normally be a heavy object, for example a motor
vehicle or drill rig, although itmay be possible to fix a beam
above the ram, anchored into the soil by heavy-duty screw
augers.

For hard and heavy soils, there is little alternative to driv-
ing by repeated blows from a hammer. A sliding hammer
is recommended strongly (see Section 6.1.3). Stones may,
however, upset this. Use of a conventional hammer,
whether of the large, sledge, variety or a handheld one,
may knock the driving head sideways, leading to the sam-
ple breaking up as it enters the sampler.

If the sample is to be used for physical measurements
other than water content or bulk density determination,
its structure, and hence its physical properties, are more
likely to be preserved by a steady force on the sampler than
by the shock of repeated impacts from a hammer.
5 If practicable, dig soil away from around the sampler,
until a spade can be inserted beneath it and the sampler
removed from the soil without disturbing the sample. If this
is not possible, for instance because the sampler is in an
auger hole well below ground surface or several samples
are needed close together, rocking the sampler from side
to side will normally break the soil in the sampler away
from that below quite cleanly, allowing the sampler to be
lifted out of the soil with an intact core.
6 Carefully remove the sampler from the soil.
7 Hold the sampler horizontal to prevent soil falling out of
it. Disassemble the sampler carefully and remove the
retaining sleeve. This should have some soil protruding
from either end. If this is so, then trim off the excess soil
from both ends and prepare immediately for transport to
the laboratory. Delay may allow water to evaporate from
the sample leading to an erroneous result.

In some cases, the samplemay have become compacted
as it entered the sleeve. Thismay affect only the upper part
of the sample, as it will have been subjected to more accu-
mulated frictional force as it slid further up the sleeve.
Careful examination of the two ends of the sample and
comparing them with the undisturbed soil may allow
the degree of compaction to be assessed. If the soil is com-
pacted, the sleeve may contain the correct amount of soil
for the length of sleeve plus the overdriven distance and
therefore may be usable for volumetric water content or
bulk density determination. In most cases, however, com-
paction will extend below the cutting edge and prevent

some soil entering the sampler. In this case, the sample
should be rejected and another one taken. However, if
one sample is compacted, it is likely that all others from
the same site will be as well. The sample will still be usa-
ble to derive water content on a mass wetness basis. If
independentlymeasured bulk density values are available,
mass wetness can be converted to volumetric water con-
tent (see Section 6.4).

It is essential that, if there is reason to believe that cores
do not contain the correct volume of soil, this is recorded
along with details of the problem.

6.2.3 Transportation to the laboratory

For the purposes of water content or bulk density measure-
ment, any disturbance to the sample structure before or
during transportation is of no consequence. Loss of water
by evaporation (or gain, if it is raining at the time of sam-
pling) and loss of sample during transfer from one container
to another must be avoided by taking the following
precautions:
1 Keep the core intact in its sleeve. If several samples are
to be taken, enough spare sleeves for all samples will be
needed.
2 Weigh the core in its sleeve as soon as possible. Portable,
battery-powered digital balances, capable of weighing to
0.1 g, are readily available so that weighing the sample in
the field immediately after sampling is possible. These bal-
ances are not usually designed for field use and so must be
treated with care; protected from rain; used on a flat, firm
and level surface and checked for accuracy frequently.
Weighing the sample straight after removal from the soil
reduces considerably any problems that may arise from
transport. Subtracting the mass of the sample sleeve will
give the mass of the wet core.
3 Commercially available sample sleeves usually come
with plastic end caps. Suitable caps may be available for
other sizes of sleeve and their use is recommended if at
all possible. The caps should be taped onto the sleeve to
secure them and to reduce evaporation. Write details of
the sample – date, location, depth, sleeve identification
(if one is marked on it) and operator’s name(s) on the
sample sleeve or an adhesive label attached firmly to it.
A separate copy of this information should also be kept
in, for example, a field notebook or on the form shown in
Fig. 6.3 (Section 6.3.4).
4 The sleeve should then be placed into a plastic bag and
sealed by tying the open end or using resealable bags. If
the sample is removed from the sleeve before putting it into
the bag or the ends of the sleeve are open, the bag should be
placed inside a second sealed bag to protect it and prevent
evaporation.
5 The samples should be placed in a stout box of wood,
metal or similar. Preferably, this should be insulated to
reduce evaporation and divided into compartments so that
only one or two samples are in each compartment. Thiswill
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protect the samples and their containers, reducing the
chance of loss of sample by the bag being punctured or
abraded, particularly if the samples fit snugly into the com-
partments or are protected by some packing (e.g. rag or
paper towel). Preventing the samples from moving around
in transportation is particularly important if they are to be

used for hydraulic properties measurements when the
structure of the sample must be preserved.
6 The box should be placed in the vehicle in such a way as
to minimise its movement. This may be achieved by pla-
cing it on some cushioning material or a seat and packing
other items around it or using restraining straps.

Fig. 6.3 Suggested form for recording the collection and processing of gravimetric samples.
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7 Care should be taken when transporting the samples
back to the laboratory that they are bumped around as little
as possible to minimise damage and disturbance.

6.2.4 Laboratory procedures

Laboratory procedures must be equally rigorous as those in
the field. The following procedures should be followed:
1 Weigh the samples in their bags and other outer contain-
ers as soon as possible after arrival at the laboratory. This
will minimise the potential for loss of water from the sam-
ple. If the sample was weighed in the field, this will serve as
a check on any loss of water during transportation.
2 Remove any outer container that is not in contact with
the soil and reweigh. If themass of the parts that are in con-
tact with the soil are known, the soil can be removed from
these carefully to ensure that they are completely clean of
soil and all of it is in a dish. The dish needs to be sufficiently
large to hold the sample without any spilling out but small
enough to fit into the oven. The dish should have been
weighed beforehand.

An alternative procedure is to keep all the containers
that are in contact with the soil in the dish (bags, retaining
sleeve and sleeve caps). This is particularly useful when the
soil is very sticky and cannot easily be removed from the
items. Also, for small samples, where even a small amount
of sample or water lost may have a significant effect on the
result, it ensures that accuracy is maintained.
3 Place the samples into a ventilated oven set at 105 C.
A thermometer should be placed inside the oven to check
the temperature. Some ovens have a glass door, which
makes checking the thermometer without opening the
oven easy. Others have a vent in the top, through which
a thermometer can be mounted, with its bulb inside the
oven and its stem outside.
The amount of time taken to dry the samples will depend
on a number of factors. Among these are:

Number of samples
Design of oven
Size of samples
Type of soil
Water content of soil
It is important to be certain that the samples have dried

out completely at the chosen temperature. This may
require some samples to be removed from the oven, cooled
and weighed every few hours to determine when this has
occurred. The samples chosen should be those which are
expected to take the longest time. With experience, a time
that will suit all samples can be found, although it is wise to
check this from time to time, particularly if wetter or larger
than usual samples are dried.

It is also important to check that the drying temperature
inside the oven is even all over. Some difference from one
place to another is inevitable, but differences of more than
5 C are not acceptable.

4 When the samples are completely dried, place them
immediately in a desiccator, containing fresh silica gel or

other drying agent, to cool and prevent reabsorption of
water. Convection currents set up by hot samples will dis-
turb the weighing balance reading by an unacceptable
amount. In warm, low humidity conditions, a desiccator
may not always be necessary, particularly for soils low in
clay. As always, if in doubt, check.
5 Once cool, the samples, each one in its drying dish,
should be weighed.

The volumetric water content and dry bulk density can
now be calculated. First, the mass of the wet field sample,
mf, should be calculated by subtracting that of its
container(s). Then that of the dry sample, md, by the same
process.

The volumetric water content is calculated, knowing
the sample volume, V, as

θ =
mf−md

V
6 2 1

The dry bulk density is also given by

ρd =
md

V
6 2 2

It should be clear that volumetric water content can also
be calculated from the difference in mass between the sam-
ple in its container(s) when wet and when dry. Any inaccu-
racy in the mass of the containers will not, therefore, have
an effect on the water content determination. This is not,
however, true for bulk density.

6.3 Likely Problems with Gravimetric Sampling

The simplicity of gravimetric sampling belies the difficulty
in obtaining good results. There are numerous sources
of error in the process, some of which are discussed in
the following text.

6.3.1 Errors in the volume of the sample

This is probably the most difficult to eliminate. Errors in
the volume of soil sampled may arise from several sources:
1 Compaction of the sample. This was discussed in
Section 6.2.2. Recommendations for minimising it have
been given and, apart from following them, little can often
be done except to reject any sample, which is obviously
compacted or where soil has been lost. This is difficult
advice to follow when much physical effort and time have
been invested in obtaining the sample in the first place!

However, even if the sample is compacted, or some soil
is lost, the mass wetness will still be an accurate value.
Sometimes, mass wetness measurements can be combined
with values of dry bulk density measured independently to
calculate volumetric water content values using Equa-
tion 5.1.10. Some methods for doing this are described in
Sections 6.4 and 6.5. An alternative, related, approach is
to derive a factor describing the degree of compaction for
a particular sampler design, a particular soil and its degree
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of wetness. This can be used, often after the original sam-
pling date, by making independent bulk density measure-
ments compared with those obtained using the original
sampler. Some loss of accuracy is inevitable.
2 Stones. These may have several effects.

Firstly, they may compact the sample, as stones are nor-
mally not broken by the sampler’s cutting shoe. Part of a
stone that lies outside the volume defined by the cutting
shoe and the height of the retaining sleeve will often, there-
fore, be included in the sample. It may also have the effect
of pushing extra soil in with it. Alternatively, part of a stone
may be left out of the sample, which should have been
inside, resulting in too little sample material.

Secondly, stones occupy some volume in the soil. From
the point of view that volumetric water content is the total
water content within a volume of space, then this must
include the stone fraction. However, stones are often quite
large comparedwith the volume takenby a sampler, leading
to greater variability in results. This is discussed further in
Section 6.3.3.
3 Difficulty in sampling. Hard, stony, sticky, very wet or
dry soils often make driving the sampler into the soil diffi-
cult. To ensure that the full volume of soil is collected, it is
important to ensure that the sampler is driven the full
length of the retaining sleeve plus the distance from the
bottom of the sleeve to the cutting edge.
4 Sampling from depth. If samples are needed at some
depth from the surface, say more than 1m, then it is likely
that access to the profile will need to be via a predrilled
auger hole. This introduces its own difficulties, as it is
impossible to seewhat is happening as the sampler is driven
into the soil. Loose soil at the bottom of the auger hole
should be removed before sampling, but it is often difficult
to check that this has been done completely. Driving the
sampler a little further than the desired sample height plus
cutting shoe depth and discarding the top of the sample will
help such a situation. Removal of the sampler from the soil
at the bottom of a small hole may also be difficult, as the
soil inside the sampler may not break away cleanly from
that beneath, resulting in too little sample being collected.
A clean break of the soil can often be achieved by rocking
and rotating the stem of the sampler.
5 Non-cohesive soil. This often results in the sampler fail-
ing to retain all of the sample. Some samplers (usually those
designed for sampling at great depth using a drilling rig)
have a ‘core catcher’, which is a series of flexible or hinged
flaps mounted just above the cutting edge. As the sample
enters, it pushes the flaps back into an upright position
allowing the sample to pass, but on removal from the soil,
the weight of the sample pushes the flaps back into a hor-
izontal position, preventing its loss.

There is no single solution to these problems, and rejec-
tion of dubious samplesmay be the best plan. Thismay lead
to a bias in the results, as only data for samples having those
properties suitable for sampling will be retained. Some
hints for assessing the quality of samples is given in
Section 6.3.4.

6.3.2 Loss or gain of water

Watermay be lost from the sample by evaporation or gained
by accidental contact with water at various stages of the
sampling or processing procedure. Smaller and drier sam-
ples aremore vulnerable to this as there is clearly less water
in the sample in the first place, so water lost or gained is a
greater proportion of that present. In addition, smaller sam-
ples have a greater ratio of surface area to volume than large
ones, so there is proportionately more surface through
which water can be exchanged. Samples of volume smaller
than 100mL are not, therefore, recommended.

To minimise the chance of water loss during and after
sampling, the two most important precautions are shading
and speed. Shading of the sample from direct sunlight
reduces the energy available to evaporate water from the
sample surface. A large umbrella or portable shelter may
be the best solution in this instance. The less time that
the sample is exposed to air, then the less opportunity there
will be for water to be lost by evaporation. Samples should,
therefore, be sealed and transferred to storage containers as
quickly as possible. Sample sleeves with end caps taped on
provide an excellent barrier to water loss and save time in
the field. However, water may still escape from the sample,
so they should be stored in a sealed plastic bag inside a cool,
closed box. Water vapour diffuses through thin plastic bags
surprisingly quickly so that transportation to the laboratory
for weighing and processing should be done promptly.

Gain of water is most likely to occur from rainfall com-
ing into contact with the sample. The same umbrella or
portable shelter will help to prevent this happening. Very
dry samples may absorb water from the atmosphere. The
same precautions that prevent evaporationwill also protect
the samples from gain by absorption.

6.3.3 Stones

Problems caused by stones and their effect on obtaining
a good, known-volume sample have been discussed in
Sections 6.1.3, 6.2.2 and 6.3.1. There are, however, other
aspects of stones in soil, which need to be considered.

Most stones are not porous and so will not, themselves,
hold water. However, this is not always the case and some
of thewater in the soilmay be held inside the stones. This is
particularly important if stones are separated out from the
fine material before drying (see the following text).

For most purposes, the stones must be regarded as form-
ing part of the soil and included in all calculations. Some
workers appear to regard only the fine fraction as constitut-
ing soil. This is erroneous and stones should be regarded as
large soil particles.

In soils containing a significant fraction of stones, partic-
ularly where these are large, a statistical (as well as a prac-
tical) sampling problem may arise. If a sufficient number
and variety of stones is not collected by whatever sampling
method is employed, then a proper REV will not have been
taken. One approach is to separate the stone fraction from
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the fine material by passing it through a coarse sieve (usu-
ally 2mm, but a larger size may be justified in many cases)
and to determine the water content of the fine fraction
alone (as well as the water content of the stones them-
selves, whose volume will also need to be measured).
A separate exercise can then be mounted to take much lar-
ger samples to determine the stoniness of the soil and arrive
at an average volume fraction of stones. The volumetric
water content of the soil as a whole is then given by

θ = ffθf + fcθc 6 3 1

where
ff is the volumetric fraction of fine material;
θf is the volumetric water content of the fine material;
fc is the volumetric fraction of stones, and
θc is the volumetric water content of the stones.

Measurement of the volume of an irregular stone is best
done using Archimedes’ principle. The stone is weighed in
air and then suspended in water by a fine thread or wire.
The difference in mass is the volume of the stonemultiplied
by the density of water (1000 kgm−3). Porous stones must be
coated in an imperviousmaterial, such as varnish, saran resin
or a plastic resin before immersion. Provided that the water
content of the stone has been measured previously and the
coating has dried properly, weighing the coated stone in air
and when immersed will ensure that themass of the coating
material will have no effect on the result, although the thick-
ness of the coating will have a very small effect. Themass of
the stone (driedonapaper towel or similar) shouldbe checked
after theprocedure to ensure that nowater has penetrated the
stone through any holes in the coating.

6.3.4 End to end record keeping

Good record keeping is vital in any kind of monitoring or
research activity. Because of the number of stages and pos-
sibly different personnel involved, this is particularly true
of the gravimetric method. It is recommended, therefore,
that a standardised record keeping procedure be adopted
and that all records relating to a particular sample are kept
on one sheet of paper. A suitably laid out form should also
make it easy to transfer the results directly to a spreadsheet
for electronic calculation and archive storage.

A suggested form is shown in Fig. 6.3. By combining all
parts of the operation onto one form, the risk of samples
being mixed up or data lost is reduced. Also, notes from
one part of the operation, such as difficulties experienced
during sample collection, are available to those conducting
subsequent parts so that any concerns that may affect the
interpretation of the measurements can be taken into
account. For subsequent analysis, evaluation and storage,
having all the information together is a big advantage, and
recording it all on the one original formavoids errors in tran-
scribing information from one piece of paper to another.

The use of a form such as that shown in Fig. 6.3 is suit-
able for implementation on a spreadsheet. The increasing
availability of rugged portable computers and handheld

devices makes it possible to enter field data directly into
a spreadsheet at the time of sampling. Use of a
spreadsheet allows the semi-automatic calculation of
results, statistical information and display of graphs that
help to evaluate the reliability of the data collected.

In Fig. 6.3, statistics of both water content and dry bulk
density have been calculated, including the correlation
coefficient between them. A positive correlation coeffi-
cient might point to problems with collecting the correct
amount of material, since if too little were collected, this
would lead to underestimation of both bulk density and
volumetric water content. Similarly, too much material
would lead to overestimation of both quantities. Negative
correlation, on the other hand, especially at highwater con-
tent, may be understood in terms of change in porosity.
Higher bulk density implies lower porosity and, usually,
a smaller number of larger pores, which are occupied at
high water content. Both sets of data shown in Fig. 6.3 have
relatively highwater content, so a negative correlationmay
often be expected, although there are many circumstances
where this would not be the case.

The graph of the second set, however, shows one point
(circled), which appears to be inconsistent with the others,
having both low volumetricwater content and low dry bulk
density, suggesting that some material was either missed
by the sampler or lost from the sample during the collection
procedure. Removal of this point (see the second set of sta-
tistics for this set) produces the expected negative correla-
tion and reduces the standard deviation and standard error
of both variables markedly.

In the case of the first set of data, two points appear to be
inconsistent with the other four. However, there is no
strong evidence to reject these two. It is not recommended
that samples should be rejected purely on the basis of incon-
sistency unless there is strong evidence for over or under
collection of sample, such as that in the second set, and
it is preferably backed up by field notes documenting a
loose or compacted sample or stone causing problems in
taking the sample.

6.4 Direct Measurement of Bulk Density

Themajor problem inmeasuring volumetric water content
accurately is ensuring that the sample volume and hence
bulk density is correct. By comparison, it is quite easy to
measure the mass wetness. Alternative approaches there-
fore centre on different ways to measure bulk density. By
measuring this separately,many of the stringent conditions
to ensure that samples are of known volume are unneces-
sary. In difficult soils, therefore, the sample could be col-
lected by spade, trowel or auger. There may, however, be
more opportunity for the sample to dry out before being
put into a tight storage container.

Direct and indirect methods for measurement of bulk
density exist. Both measure the wet bulk density of soil,
and this must be corrected for water content to obtain
dry bulk density.
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There is an unavoidable loss of accuracy caused by deal-
ing with two spatially separatedmeasurements. Theremay
also be additional error caused by a change in dry bulk den-
sity between two sampling occasions in a swelling soil. It is
good practice, therefore, to take the samples for mass wet-
ness and bulk density at similar states of soil wetness if it is
not possible to do both at the same time and if swelling or
shrinking may be a factor.

Direct methods, like the gravimetric method itself, rely
on taking a known volume of soil and weighing it, or alter-
natively, collecting soil and determining its volume by
measuring the size of the cavity left behind. Since the soil
collectedwill not be at exactly the same place as that for the
water content measurement, some inaccuracy will result
from this cause. To reduce this, it should be taken as close
as possible to the water content sample location and cer-
tainly at the same depth. If the soil shows strong horizon
development, it is also important to ensure that both sam-
ples come from the same horizon whose depth may vary
from place to place.

If many samples are being collected from the same area,
themagnitude of the uncertainties can be both reduced and
estimated better bymaking use of themethods of geostatis-
tics (see Chapter 4).

6.4.1 Large-diameter sampler

Problems with core samplers are caused mainly by the cut-
ting shoe not incising cleanly through the soil or by friction
between the core and the retaining sleeve. These are both
affected to a considerable extent by the ratio between the
perimeter of the cutting shoe and the area and height of
the sample. Large diameter and short cores are, therefore,
less likely to suffer from problems caused by stones and
friction in the retaining sleeve.

One solution to the problem of obtaining reliable bulk
density samples is to conduct a separate exercise to collect
short, large-diameter cores for this purpose.

All the principles of sampler design discussed in
Section 6.1.3 apply to the design of large-diameter
samplers.

The method also gives good quality samples for meas-
urement of water content so that both types of data may
be collected together. More work is, however, needed to
collect the samples, handle them to avoid disturbance
and to deal with them in the laboratory so that a smaller
number can be collected and processed for the same
amount of effort.

6.4.2 Soil removal methods

These are an alternative approach, particularly suited to
situationswhere a constant volume sampler cannot be used
because of high stone content, very hard or non-cohesive
soil or because a suitable sampler is not available.

In essence, all methods in this class rely on excavation of
a quantity of soil from the surface. The soil is collected for
subsequent weighing, drying and reweighing in the same

way as for core samples. The volume of the excavated cav-
ity is then measured. This is equal to the volume of soil,
which was removed. The methods differ in the way in
which the volume of the cavity is measured.

Some general remarks concerning these methods are
in order:
1 It is very important to ensure that all of the soil from the
cavity is collected. Any soil lost will represent an error in
the measurement.
2 The cavity must remain intact. If any soil collapses into
it, it may reduce the volume by the introduction of ‘foreign’
soil, or, if it comes from the side of the cavity, the bulk den-
sity of the soil collecting at the bottom is likely to be lower
than that of the surroundings. In either case, a smaller vol-
ume is likely to be measured than would otherwise be
the case.
3 These methods are really suitable only for situations
where a flat surface can be prepared from which the soil
can be removed and so are suitable only for surface and shal-
low depth sampling. Measurement of both water content
and dry bulk density of a known volume of the same soil
sample can be obtained using these methods in some very
difficult situations, although high accuracy cannot usually
be achieved.
4 The sampling of soil usually involves diggingwith a spade
or trowel. This gives more opportunity for loss of material
fromthe trowel orbywind.Tominimise this, it is important
that aplastic sheet be spreadon the groundaround thework-
ing area to catch any spilt material. If water content is being
measured, loss by evaporation (or gain in rainy conditions) is
alsomore likely thanbycore sampling.Whereappropriate, a
wind and/or sun shield should also be used.

There are many ways of measuring the volume of the
cavity. They fall, however, into two categories – measure-
ment of the volume of material needed to fill the cavity
and direct measurement.

The first of these – estimating the volume of material
needed to refill the cavity – usually relies on filling the
cavity with fine, dry sand or small plastic spheres. The
amount of material used to fill the cavity is measured.
Clearly, it is important that the material used packs easily
to the same bulk density each time. Round-grained, fine
sand is better for this than coarser, sharp sand. Small plas-
tic spheres are likely to be even better, as they are
smoother. However, they are more prone to being blown
by the wind.

An alternative method, which is often easier to imple-
ment, is to line the hole with a flexible plastic sheet and to
fill it with water. The major problem with this method is
in ensuring that the plastic sheet fits snugly in the cavity,
that small irregularities are not bridged over and that folds
in the plastic sheet do not occupy a significant volume.
Thin, flexible and elastic material performs better than
thicker, stiffer and non-stretching film. However, it may
be punctured too easily by sharp stones, which prevent
the film from retaining the water. Some slow leakage
could be difficult to detect, so great care must be taken
that this does not occur. Sophisticated equipment for
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making these measurements accurately is described by
Evett (2007).

6.5 Indirect Measurement of Bulk Density:
Gamma Ray Probes

The only indirect methods in widespread use rely on the
scattering of gamma radiation by the soil. By measuring
the amount of scattering or absorption of radiation by the
soil from a gamma source in an access tube in the soil,
the bulk density of the soil may be estimated.

The most common radiation sources are 241Am and
137Cs. These are isotopes of Americium, an artificial ele-
ment, and Caesium, which are relatively long-lived gamma
ray emitters (241Am has a half-life of 432 years and 137Cs of
30 years). 241Am emits gamma rays with an energy of
60 keV, which penetrate into soil a few cm only, while
137Cs emits rays with an energy of 660 keV, with a useful
penetration of a few 10s of centimetres. 241Am is, therefore,
useful only for laboratory studies while most field instru-
ments employ 137Cs sources, usually of about 40MBq.
The relatively small size of the source andmoderate energy
of the gamma rays means that the radioactive hazard is
fairly modest, although it is large enough to oblige the user
to comply with radiological protection regulations. Radio-
logical protection is dealt with in Section 7.11, which con-
tains an explanation of some common radiological terms in
Sections 7.11.1 and 7.11.4.

6.5.1 Gamma ray scattering

When one small object collides with another, the first
object usually loses some energy and changes its direction
of travel. This is known as scattering. The predominant
scattering process for gamma rays with energy bet-
ween about 0.3 and 1.02MeV is Compton scattering.
A gamma ray is a very high-frequency electromagnetic
wave, which interacts with matter through the charged
electrons. Unless the gamma ray is of extremely high
energy, the electrons shield the nuclei of the atoms
extremely well and so the gamma ray only ‘sees’ the elec-
trons. The amount of scattering, therefore, is proportional
to the total density of electrons. This is well related to the
density of thematerial (Section 6.5.5). Compton scattering
is fairly easy to understand, as it relies only on the princi-
ples of conservation of energy and momentum. This is
described as elastic scattering. For higher-energy gamma
rays, a process of pair production is possible, giving rise
to inelastic scattering. At energies lower than about 0.3
MeV, photoelectric absorption becomes important, which
depends very much more on soil chemistry than the
Compton effect.

It isusualtouseelectronvolts (eV)astheenergyunit indeal-
ing with radiation rather than joules used throughoutmost of
the rest of science. One electron volt is 1.602 × 10−19 J. It is the

energy acquired by an electron inmoving through a potential
difference of 1V.

Although Compton scattering depends on the electro-
magnetic interaction of the gamma rays with electrons in
the soil, for the purpose of calculating the scattering, we
can treat them as particles or photons.

A photon has energy, Eγ, of hν, where h is Planck’s con-
stant (6.626 × 10−34 J s or 4.135 × 10−15 eV s) and ν is the fre-
quency of the electromagnetic wave. Frequency is related
to the wavelength of the electromagnetic wave, λ, by

ν =
c
λ

6 5 1

where c is the speed of light in vacuum (3 × 108m s−1).
Although having no mass, a photon has momentum of

Eγ/c. If we treat the electrons as being effectively stationary
and ignore the energy required to release them from the
atoms (which is small in comparison with the photon
energy), then the situation before and after a collision
between the gamma ray photon and the electron is as
shown in Fig. 6.4. The incoming photon has energy, E1,
and momentum of E1/c. The electron has a mass of m
but no initial kinetic energy or momentum. After the col-
lision, the photon will have energy of E2 and momentum
E2/c and have been deflected through an angle θ. The elec-
tron will have a kinetic energy of T, a momentum of p and
be travelling in a direction at an angle of ϕ relative to that of
the incoming photon. Unfortunately, we cannot ignore rel-
ativistic effects, which means that the familiar relations of
kinetic energy being equal to ½mv2 and momentum being
mv do not hold.

Applying conservation of energy to this case, we obtain

E1 =E2 +T 6 5 2

Fig. 6.4 Compton scattering between a gamma ray and an
electron.
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Conservation of momentum along the direction of
travel of the original photon path gives

E1

c
=
E2

c
cosθ + p cosϕ 6 5 3

and similarly at right angles to this direction,

E2

c
sinθ−p sinϕ = 0 6 5 4

The relationship between kinetic energy, T, and
momentum for a relativistic particle of rest mass, m, is

p2 =
T2

c2
+ 2Tm 6 5 5

These four equations contain five unknown quantities:
E2, T, p, θ and ϕ. Any four of these can, however, be
expressed in terms of the other one. For the present pur-
pose, we will express the results in terms of θ, the angle
through which the photon is scattered. Application of
simple algebra then leads to

E2 =
E1mc2

mc2 +E1 1−cosθ
6 5 6

The amount of energy lost by the gamma ray, therefore,
depends on its initial energy and the angle through which it
is scattered. This is the basis of electronic collimation, in
which photons suffering scattering through large angles
can be rejected by counting only those that retain most
of their original energy without the need for mechanical
barriers. For a high-energy photon, a larger proportion of
its energy is lost at any particular scattering angle, θ, than
for one of lower energy. Electronic collimation is, therefore,
more effective for the higher-energy gamma rays of 137Cs
than the lower-energy ones of 241Am.

6.5.2 Detectors

Two types of ionising radiation detector are in common use
for gamma ray scattering in soil.

A proportional counter consists of a tube filled with a
gas, which can be ionised by particles passing though it.
A central wire is maintained at a high positive voltage
(the anode) with respect to the outer metal case (the cath-
ode). When ions are produced in the gas, the electrons are
attracted towards the anode and the positively charged ions
to the cathode. If the voltage is high enough, the momen-
tum gained by these ions is enough to cause further ionisa-
tion of other atoms in the gas, which multiply in a cascade
effect called an avalanche. By adjusting the voltage on the
tube correctly, the size of each pulse as the ions and elec-
trons reach the electrodes is proportional to the number
of ion pairs produced and hence the energy of the particle.

A scintillation detector consists of a material that pro-
duces flashes of light when an ionising particle passes

through it and a light detector to record the flashes (see
Appendix 6.A).

Both proportional counters and scintillation detectors
need high voltages (hundreds of volts) towork. Proportional
counters are cheaper and more robust but less sensitive.
They also need a longer time to recover between each pulse,
leading to an appreciable dead time, which usually needs to
be corrected for when calculating results.

6.5.3 Transmission gauges

Gamma ray density meters fall into two types: transmis-
sion and backscatter.

Transmission gauges measure the amount of radiation
transmitted between a source of gamma rays (usually a
small capsule containing 137Cs) and a detector. In transmis-
sion mode, the detector is usually a scintillation counter,
which allows the user to select the energy of gamma rays
that will be detected. Because the soil must be between
the source and the detector, transmission gauges for field
use usually use two parallel access tubes. The source is low-
ered down one of these and the detector down the other,
usually (but not always) to the same depth. The count rate
at the detector ismeasuredwhen the apparatus is in the soil
and when it is out of the soil with just air between the
source and detector. The ratio of the two is the amount
of absorption by the soil.

The arrangement is depicted in Fig. 6.5, where the radi-
ation passes from a radioactive source through a thickness
of soil to a detector.

Figure 6.6a shows a typical intensity profile for a 137Cs
source and that resulting from scattering as it passes
through a thickness of absorbing material. It can be seen
that the intensity at the peak energy of the source is
reduced, while there is much greater intensity at lower
gamma ray energies. At each scattering event, the energy
of the gamma ray is reduced, as explained previously, so
that the number of gamma rays passing through the soil suf-
fering no or little scattering becomes smaller, the greater
the thickness of material that is traversed.

For radiation of a particular energy, the intensity, I,
measured at the detector after passing through a thickness
of soil, d, is given by

I = I0e−μd 6 5 7

or

μ =
ln I0 I

d
6 5 8

where
I0 is the intensity of gamma rays detected in air at the same
source–detector spacing and

μ is the absorption coefficient of the soil and is very nearly
proportional to its density (Section 6.5.5).
There are many difficulties associated with transmis-

sion gauges. These include:
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1 Temperature and voltage stability. The scintillation
detector is very sensitive to temperature changes. It gives
a pulse output for each gamma ray detected. The pulse
voltage is proportional to the energy of the gamma ray.
However, the size of the pulse also depends on the temper-
ature of the detector and the supply voltage to the
photomultiplier tube. Transmission gauges usually detect
gamma rays within a very narrow energy band close to
the peak energy emitted from the source. If this detection
band moves relative to the peak source energy, because
of temperature changes, supply voltage fluctuations, etc.,
then erroneous results occur. Various schemes have been
tried to overcome this problem. One uses a very small aux-
iliary source close to the detector and a two-channel data
acquisition system, one set at the auxiliary source peak
and the other measuring at the energy of the main source.
An automatic servo system keeps the gain of the amplifiers
such that the secondary data channel is at the maximum of
the auxiliary source peak, and hence the gain of the primary
data channel can be kept at the correct level to track the
peak of the main source.
2 An easier strategy is to set the window of the detector
electronics fairly wide so that there is little change in count
rate even if the peak moves within the window. A window
is the range of gamma ray energies that the electronics

records. This has two disadvantages. One is that it reduces
the sensitivity of the detector. When gamma rays are scat-
tered by soil particles, they lose energy rather than being
completely absorbed (see the following section). Having a
wide window on the detector means that many of these
scattered rays are detected, which otherwise would have
been rejected. The second problem is that, with a wider
window, it becomes more difficult to define the volume
of soil contributing to the observation. This is because
the more energy lost in a scattering event, the greater the
range of angles that the gamma ray can be scattered
through. Low-energy rays may therefore come from parts

Fig. 6.5 Schematic of a gamma ray transmission gauge. (See insert
for colour representation of the figure.)

Fig. 6.6 (a) 137Cs gamma ray spectrum of the source alone:
after passing through a thickness of soil and after backscattering to
a detector near the source. Note that the peak is both broader
and lower and occurs at a lower energy for the transmitted and
backscattered spectra. (b) The effect of different supply voltage
to the photomultiplier. The area under both the light- and dark-
shaded areas is the same. (c) Integrated count rate as a function of
threshold voltage for the higher supply voltage curve in (b).
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of the soil well away from that directly between the source
and detector. They may also have undergone two or more
scattering events on their journey.
3 Temperature stability is also clearly a problem when
comparing count rates in the soil, where, once the appa-
ratus has settled down, temperature is usually sufficiently
constant over the time needed to take a reading. The out-
side air is, however, almost always at a different tempera-
ture from that of the soil and fluctuates much more.
4 Tube emplacement. It is important that the distance
between source and detector be known. This is partly
because μ is calculated according to Equation 6.5.8 so that
the proportional error in measurement of μ, and hence that
of the soil density, will be the same as that of d. However,
the intensity when there is no absorber between the source
and detector, I0, varies according to the inverse square of
the distance between the two, which compounds the error
in measurement of μ.
5 For these reasons, it is important to install the tubes as
nearly parallel as possible using a rigid jig to guide them.
In many soils, it is very difficult to keep them parallel and
so to know well enough how far apart they are, particularly
at depths of 1m or more. Excavation of the tubes at the end
of theexperimentwould allowtheparallelismtobechecked
and data to be corrected retrospectively if necessary.
6 Gaps around the tubes. These have a similar effect to that
of non-parallel tubes in that the amount of soil between the
source and detector is reduced in an unknown way.

For these reasons, the use of gamma ray transmission is
almost never used for one-off measurements of soil density
using two parallel tubes. It can, however, be used to track
changes in bulk density or of water content over time,
where the effort of installing semi-permanent tubes and
the investment in overcoming the temperature problems
can be justified.

Close to the surface, however, many of the difficulties
described above are reduced. In road construction, gamma
ray transmission density gauges are very common to check
the degree of compaction of the subgrade. These gauges use
a small 137Cs source, which can be lowered to a maximum
of about 0.3m in a small hole in the ground. The detector,
usually aGeiger counter, is containedwithin the housing of
the gauge, which is placed on the ground surface. Themeas-
urement is made between the subsurface source and the
detector at ground level. By measuring count rate with
the source at a series of depths, a measurement of the var-
iation of density in the shallow subsurface can be obtained.
These gauges usually also incorporate a neutron source and
detector tomeasure water content. Knowledge of the water
content is usually needed both for its own sake and to cor-
rect the density reading. These gauges are described further
in the next chapter, Section 7.2.1.

6.5.4 Backscatter gauges

Backscatter is a more common method for bulk density
measurement at depth. This requires just one tube, which

can often also be used for measurement of water content by
a neutron probe. The probe used normally has a gamma
source (137Cs) mounted about 150mm beneath a detector
as shown in Fig. 6.7. Lead shielding between the two mini-
mises direct passage of gamma rays from one to the other.

The detector may be of the scintillation type or a Geiger
or proportional (gas tube) counter. Themode of operation is
partly by transmission and partly by scattering. Scattering
is always through an appreciable angle, and so energy must
be lost by the gamma rays as they pass from the source to
the detector. Because of this, the location and weighting of
the volume sampled by the probe is difficult to define
but probably does not extend more than 75mm from the
source – detector axis, with 50% of the contribution from
within 25mm (Campbell & Henshall, 2001). Poor access
tube installation, leading to gaps between the access tube
and the soil, or cavities left behind by stones, are therefore
likely to have a serious effect on the results. On the other
hand, using a gamma backscatter gauge in association with
a neutron probe (see Chapter 7) will reveal places where
there may be cavities, aiding the interpretation of anoma-
lously low readings. The location of the centre of the zone
sampled is closer to the detector than the source because

Fig. 6.7 Schematic diagram of a gamma ray backscatter gauge.
(See insert for colour representation of the figure.)
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high-energy photons have a longer range than lower-energy
ones. Therefore rays scattered close to the detector are
more likely to reach it than ones scattered close to the
source.

Proportional counters and scintillation detectors give
output pulses whose magnitude depends on the energy of
the incoming gamma ray. The spectrum of energies looks
something like that shown in Fig. 6.6a. With proportional
counter-type instruments, the threshold level will probably
have been set by the manufacturer. Scintillation detector-
based instruments usually require the user to set up the
operating conditions themselves, as the detector and
power/counter unit are often bought separately.

There are two basic adjustments involved for scintilla-
tion detector instruments – the voltage applied to the pho-
tomultiplier tube (usually in the range 500–2000 V) and the
window/threshold adjustment, which determines which
pulses will be counted. Changing the input voltage affects
the magnitude of the output pulses as shown in Fig. 6.6b.
However, the two graphs shown both contain the same
number of pulses in the shaded area: that for the higher
input voltage is merely a stretched-out version of that for
the lower input voltage.

The first decision, therefore, is to choose an input oper-
ating voltage. Photomultiplier tubes will not work below a
certain minimum input voltage. Using a much higher volt-
age than necessary is not advised, as the risk of insulation
breakdown in the cables and leakage current between term-
inals affected by damp increase rapidly with increasing
voltage. If the manufacturer recommends a certain voltage,
then it is best to adopt this. If not, then a voltage comfort-
ably above the minimum that produces reliable operation
of the photomultiplier should be chosen. If the photomulti-
plier will operate at a minimum voltage of 500 V, then it
would be sensible to choose 550 or 600 V as the normal
operating voltage. A well-designed power unit should not
present any significant risk from electric shock, as the cur-
rent needed to operate the photomultiplier is only a few
microamps, so there is no need for the power supply to
deliver any more.

The next decision is to choose the threshold voltage,
beneath which pulses will be rejected and above which
they will be counted. It can be seen from Fig. 6.6a and b
that there is a distinct valley in the graph of output pulse
frequency v pulse height. It is found, in practice, that the
number of pulses at low voltage varies greatly, as these
arise from a variety of sources – multiple scattering
events, circuit noise, etc. The actual shape of the graph
will vary according to a number of factors, chief of which
are temperature and the nature of the medium in which
the probe is embedded. A threshold voltage for a given
input voltage must, therefore, be chosen experimentally
so that the effect of the curve shape varying in different
media is minimised. Because of the effect of soil chemistry
on photoelectric absorption, it is also important to exclude
lower-energy photons to avoid this influence (Pirie
et al., 1968).

Most units for use with photomultipliers contain both
an adjustable voltage power source and a pulse height ana-
lyser, which can be adjusted to count pulses only within a
particular voltage range. Some have two or more channels,
which can do this simultaneously for different ranges, but
only a single channel is needed for this application. Most
can be set to count all pulses above a particular level
(threshold) or within a range of voltages (window). Thresh-
old is the appropriate setting for use with a backscatter
gauge. If the pulse height analyser does not have a threshold
setting, then setting the upper window voltage level
slightly higher than the cut-off where no more pulses are
recorded, as shown in Fig. 6.6c, can simulate it.

It is worth using thewindowmode, with a fairly narrow
window, to explore the shape of the output from the photo-
multiplier. This should be done in a variety of materials
whose densities span the range expected to be encountered.
The threshold can then be set to a value which minimises
the error over this range. Some pulse height analysers have
a setting for the lower window voltage level and one for the
window width, while others require the upper and lower
edge of the window to be set separately.

Using the threshold setting, the area under the curves in
Fig. 6.6b becomes the total number of pulses above the
threshold as shown in Fig. 6.6c. It can be seen that, if the
actual voltage of the pulses change as a result of changes
in input voltage or temperature, then there is little change
in total pulse counts. Therewill, however, be a difference in
total counts between two densities of material.

6.5.5 Calibration and density calculation

The gamma ray scattering process involves interactions
with the electrons in the material through which the
gamma rays pass. It therefore measures the total number
of electrons in a volume of material rather than the density
per se. Fortunately, there is a very good relationship
between the two for most substances in soil.

The number of electrons in an atom is equal to the num-
ber of protons. This is called the atomic number. For most
elements that make up soil, the number of protons is equal
to the number of neutrons and, since neutrons and protons
have very nearly the same mass, the atomic number is half
the atomic weight. The electron density, therefore, is pro-
portional to the density of the material. The main excep-
tion to this is hydrogen, which has one proton and no
neutrons. The water molecule (consisting of one oxygen
atom, atomic number 8 and atomic weight 16, and two
hydrogen atoms, atomic number 1 and atomic weight also
1) therefore has amolecularweight of 18 and 10 electrons. It
therefore appears to be about 10% heavier than would be
the case if it had a 2:1 ratio of mass to electrons. This is
sometimes referred to as theZ/A ratio. Bymeasuring water
content at the same time as using the gamma probe, a
correction can be applied to take this into account.

Whereas the relation between wet and dry bulk
density is
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ρd = ρ−θ 6 5 9

the apparently higher density of water as detected by the
gamma probemeans that the appropriate equation to use is

ρd = ρ
∗−1 11θ 6 5 10

where ρ∗ is the apparent wet density of the soil obtained
from the calibration.

Calibration can be performed in the laboratory or
the field.

For laboratory calibration, a number of samples covering
the range of density expected to be encountered are needed.
For the backscatter gauge, these should be packed carefully
into a drum, which has an access tube of the same diameter
andmaterial as used in the field installed through its centre.
To avoid disturbance from surrounding objects and also to
protect the operator from radiation, the size of the drum
should be at least 600mm diameter and 600mm high. To
avoid complications caused by water movement and also
corrections for the hydrogen Z/A ratio, it is best to use
drymaterials, which need not be soils. Water, cement, sand
and solid materials (e.g. plastics) may be used and can pro-
vide permanent standards to allow convenient recalibra-
tion over time to correct for the effects of radioactive
decay of the source and change in sensitivity of the detec-
tor. This will normally be needed at only one density,
however.

Calibration in the field has the advantage that it is per-
formed on the same or similar materials as the calibration
will be applied to. However, obtaining accurate samples of
soil from the zone that the probemeasures is often difficult,
as has been described previously, and there will almost
always be a significant amount of scatter in the results as
a consequence. Apart from the Z/A effect, the interactions
are generally well understood and so laboratory calibration
is usually both more accurate and economical.

The exact functional relationship between count rate
and density depends on the details of the geometrical
arrangement of the probe construction and size and mate-
rial of the access tube. Greacen and Hignett (1979) and
Hignett et al. (1980) found that a calibration for their
NEA probe could be described well by a linear equation
given by

ρd + 1 11θ = 2 60−1 61 ± 0 068
R
Rw

6 5 11

where
R is the count rate recorded in the soil and
Rw is the count rate recorded in a drum of water.

For values of ρd of 1500 kgm−3 and θ of 0.3, this implies
an uncertainty in the wet density of soil, ρ, of about
70 kgm−3.

Cross (1983), however, working with a Nuclear Enter-
prises probe over a wider range of densities, found that a
linear calibration curve was not adequate and that a rela-
tionship given by

ρd + 1 11θ = 3 29
R
Rw

−1 21

6 5 12

with a correlation coefficient of 0.97 explained his data,
implying an uncertainty inwet density of about 100 kgm−3.

It seems that over a limited range of density, a linear cal-
ibration may well be adequate, but that if the probe is
required to work over a wider range of soil densities, a
non-linear calibration is needed.

6.6 Conclusion

Although simple in concept, obtaining an accurate and rep-
resentative value for the volumetric water content of soil
presents several problems. The biggest source of error is
in knowing the volume of a sample. Either a large amount
of effort is needed to ensure that samples of accurately
known volume are collected or bulk density must be meas-
ured separately by direct or indirectmethods. An awareness
of the difficulties and limitations of the various techniques
available will go a long way to ensure that the reliability of
results is as high as possible, while also giving a realistic
assessment of the confidence that can be placed on the
results.

Appendix 6.A Scintillation Detectors

Scintillation detectors consist of a scintillating material
and a light detector. When an ionising particle enters the
scintillating material, the energy lost is converted to light.
Provided that the scintillator is large enough, the amount of
light produced is proportional to the particle’s energy. The
detector records the light flashes produced as particles enter
the scintillator. To ensure that as much light as possible is
detected, all of the scintillator, apart from the window of
the detector, is surrounded by reflective material. An opti-
cal coupler is also used to ensure that light is not lost by
reflection at the interface between the scintillator and
detector. This is a viscous liquid of similar refractive index
to those of the scintillator and thewindow and ensures that
there are no air interfaces between the two, which would
reflect rather than transmit the light. The complete assem-
bly must be enclosed in a light-tight enclosure to prevent
any ambient light from reaching the detector, which would
swamp the signals from the scintillator. Both the reflective
material and the enclosure are made as thin as practicable
to minimise absorption of the gamma rays.

Scintillation detectors used in gamma probes for soil
densitywork usually use sodium iodide crystals dopedwith
a small amount of thallium [NaI (Tl)] to detect the gamma
rays and a photomultiplier as the detector. A gamma ray
excites electrons in the crystal to a high-energy state. These
then fall back to their ground state, emitting a pulse of light
as they do so (this is scintillation). The intensity of each

41Gravimetric Method

FOR REFERENCE PURPOSES ONLY



flash is proportional to the energy of the original photon.
A 25mm diameter × 25mm high crystal is usually suffi-
cient to ensure capture of almost all gamma rays. One of
the flat faces of the crystal is mounted on the end window
of the photomultiplier, which is of a similar diameter.

This window has a light-sensitive coating on the
inside, called a photocathode, which converts light into
electrons by the photoelectric effect. These are attracted
by an electrical field towards the first of a series of
dynodes whose surface material produces several more
electrons for each one impacting on it. These electrons
are then attracted towards second, third, etc. dynodes,
each timemultiplying in numbers in a cascade. Typically,
there will be about ten dynodes and the total current gain
as a result of electron multiplication may be 1,000,000
or more.

In operation, a voltage of several hundred volts is applied
to the last dynode, while the photocathode is maintained
at ground potential. A series of resistors forms a dynode
chain and connects successive dynodes together to main-
tain an accelerating potential between each one, as illus-
trated in Fig. 6.8, which shows both the physical and
electrical arrangements of a scintillation detector.

The number of secondary electrons liberated at each
dynode depends on the voltage between them in a non-
linear manner so that the amplification of the photomulti-
plier increases faster than the voltage applied. This makes
the size of pulses from the scintillation counter quite sen-
sitive to the supply voltage, and so tomeasure the energy of
incident gamma rays, the voltage must be very well regu-
lated. Scintillation detectors are also very temperature
sensitive, making it necessary to keep the temperature
stable or to employ sophisticated methods to track an
emission peak.

Scintillation detectors are very sensitive devices, capa-
ble of detecting particles with great efficiency at high repe-
tition rates. They are, however, delicate and expensive.
Great care is therefore required when transporting them
to avoid damaging the photomultiplier. For this reason,
some manufacturers choose to use solid-state light detec-
tors or proportional counters, which are less efficient, as
a substitute for the complete scintillation detector.

More information on photomultipliers can be found
in publications by two of the major manufacturers (Burle
Industries Inc., 1980; Hamamatsu, 2006).

Fig. 6.8 Construction and wiring arrangement of a scintillation
detector.
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7 Neutron Scattering

Although gravimetric water content determination is the
reference method, it has many disadvantages, several of
which were described in Chapter 6. The greatest disadvan-
tage is probably that it is destructive. Not only does repet-
itive sampling to follow water content changes over time
cause major damage to the site, it is also impossible to
observe those changes at the same place. The practicalities
of the sampling procedure mean that repeat samplings
must be no closer than about 0.3m apart for surface sam-
ples and at least 1m apart for deeper samples. Spatial vari-
ability and the inherent inaccuracies in the method mean
that differences from one location to another are often
much larger than the change in soil water content between
sampling occasions. Increasing the number of samples
taken on each occasion rapidly becomes prohibitively
expensive as well as more destructive.

A non-destructive method which can make measure-
ments possible at the samepoint repeatedlywould, therefore,
offermany advantages. It would be evenmore valuable if the
effort required were significantly less than that associated
with the gravimetric method. The neutron probe method is
one such non-destructive, in situ and relatively easymethod.

Neutron probes were first used in the late 1940s
(Brummer & Mardock, 1945; Pieper, 1949; Belcher et al.,
1950) and gained widespread use through the 1950s,
1960s and 1970s as equipment became more portable, reli-
able, lower power and relatively cheaper. Concerns over the
use of radioactive materials and the consequent tightening
of usage regulations have made many workers nervous
about these devices, and they are no longer used in some
countries. They are, however, still in widespread useworld-
wide and, for many purposes, there is no adequate alterna-
tive. Moreover, a description of neutron probe use serves as
a useful introduction to other indirect methods.

7.1 Principles of the Method

The neutron probe measures, primarily, the hydrogen den-
sity of the soil by detecting the number of slow neutrons

produced through collisions by fast neutronswith hydrogen
nuclei. Except in a few exceptional cases, the water fraction
contains almost all the hydrogen in soil. Even where signif-
icant amounts of hydrogen are found in, for instance,
organic matter, this rarely changes more than a negligible
amount with time; and hence changes of water content
can be followed, even if the absolute quantity is uncertain.
Monitoring changes over time is the most common use of
the device, and so uncertainty in the absolute water con-
tent is not usually a great disadvantage.

The principal components of a neutron probe are a
source of fast neutrons, a detector of slow neutrons, a scaler
to count the number of slow neutrons detected and ameans
of positioning the source and detector at the required depth.

7.1.1 Basic theory of operation

When a neutron of mass m and velocity v collides with
another subatomic particle of mass M, there is usually a
transfer of energy from one to the other. Compared with
the energy of a fast neutron, nuclei of atoms within the
soil may be regarded as effectively stationary. In such a
collision, the neutron loses some energy, while the other
particle gains the same amount. These are called elastic
collisions, since kinetic energy is conserved. After this,
the neutron can collide with further nuclei in the soil, los-
ing some energy each time until it is within the range of
thermal energies. That is the range of energies characteris-
tic of thermal motion of molecules in the material. These
are generally regarded as being smaller than 1 eV, although
at normal room temperature the average thermal energy is
only about 0.025 eV. Thermal neutrons continue to collide
with other particles, but will not lose appreciably more
energy in elastic collisions, since they are colliding with
particles having comparable energy. However, nuclei of
most elements can absorb thermal neutrons in a process
called capture. These collisions are called inelastic, since
kinetic energy is not conserved. Most neutrons move well
away from the source region, but a few return to it, where
they can encounter a slowneutron detector and be counted.

Soil Water Measurement: A Practical Handbook, First Edition. J. David Cooper.
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7.1.2 Collisions

For the present purpose, we can assume that conventional
Newtonian mechanics applies in elastic collisions and
that all the energy and momentum lost by the neutron
are transferred to the other particle. The energies involved
are much higher than that of the chemical bonds holding
molecules together, which are usually a few electron
volts, and so the nuclei can be regarded as free to move.
Neutrons are uncharged, and so, unlike gamma rays, pen-
etrate easily through the electron shell of an atom. The
‘target’ particles are, therefore, the nuclei of elements
within the soil.

If themass of the neutron ism and its initial velocity is v,
then its kinetic energy before the collision, E, is (1/2)mv2

and its momentum is mv. The kinetic energy and momen-
tum of the target particle, of mass M, before the collision
can be taken as zero, as explained earlier. The simplest case
is a head-on collision, where the neutron’s direction is
along the line joining the centre of each particle, as shown
in Fig. 7.1. The particles will bothmove along this line after
the collision.

Conservation of energy gives:

1
2
mν2 =

1
2
mν1

2 +
1
2
MV1

2 ð7:1:1Þ

and conservation of momentum gives:

mν =mν1 +MV1, ð7:1:2Þ

where ν1 and V1 are the velocity of the neutron and the
target nucleus, respectively, after the collision

The solution for the velocity of the neutron after the
collision is:

ν1 =
m−M
m+M

ν ð7:1:3Þ

and the loss of energy by the neutron, 1=2ð Þm ν2−ν21
� �

, is:

E−E1 = 4
mM

m+Mð Þ2E, ð7:1:4Þ

where E1 is the neutron’s kinetic energy after the collision.
From Equation 7.1.3, it can be seen that, if the mass of

the target particle, M, is larger than that of the neutron,
m, which is usually the case, v1 is negative, that is the neu-
tron bounces backwards. This accords with common expe-
rience, where a small ball hitting a much larger one will
bounce off.

Equation 7.1.3 also shows that when the two have equal
mass, all of the neutron’s energy is transferred to the target
particle and the neutron is brought to a halt. Again, this is in
accordance with common experience as, for instance, the
balls in a Newton’s cradle or on a snooker or pool table.
Equation 7.1.4 shows that in a collision with a high mass
particle, the neutron loses less energy than when the parti-
cle has a lower mass.

Of course, most collisions between a neutron and a
nucleus are not head-on, but to one side. This results in
the energy loss being less than for a head-on collision.
Extension to this case shows that, on average, the neutron
loses exactly half the energy of the head-on collision.

Figure 7.2 is a graph of the average energy lost by the
neutron as a proportion of its initial energy as the mass of
the target increases. It can be seen that the energy lost
decreases quite rapidly as the size of the target nucleus
increases. The atomic mass of common elements found
in soil is indicated in the figure.

The number of collisions needed to reduce the energy of
the neutron from that when it leaves the source (average
about 4.5MeV) to thermal energies depends on the energy
lost on each collision. Typically, it takes about 19 collisions
with hydrogen, 115 with carbon, 150 with oxygen and a
much higher number with heavier nuclei. This is com-
pounded by the fact that the cross-section for scattering
by hydrogen nuclei is appreciably larger than formost other
common soil elements. The cross-section is the equivalent
area presented by a target nucleus to the incoming neutron

Fig. 7.1 Head-on collision between neutron and atomic nucleus.
Fig. 7.2 Average fraction of neutron energy lost per collision with
nuclei of different atomic mass.
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and is proportional to the probability of a scattering event
taking place. Although a hydrogen nucleus is expected to
be physically much smaller than a multi-nucleon nucleus,
in fact, it appears larger than most of these to neutrons,
thereby increasing the number of interactions.

As well as these scattering events, there are other types
of collision. The most important, from our point of view,
are those where the neutron is absorbed by the target
nucleus and so disappears from the system. Almost all ele-
ments have a certain absorption cross-section, defined in
a similar way to the scattering cross-section, but some
of these are very much larger than others. Absorption
cross-sections are very much larger for slow neutrons than
for fast ones.

Hydrogen itself has a moderately large absorption cross-
section of 0.33 barns (1 barn is 10−28m2), while that of
carbon is 0.0035 barns, aluminium 0.23 barns, oxygen
0.00019 barns, silicon 0.17 barns and iron 2.6 barns. Iron is,
therefore, a significant absorber of slow neutrons even in rel-
atively small quantities.Other elementscanexert a powerful
influenceeven in tracequantities.Among those important in
some soils are cadmium (2,500 barns), boron (770 barns) and
gadolinium (49,000 barns) (Nicolls et al., 1977).

A fast neutron emitted from a source in the soil, there-
fore, suffers a series of collisions with nuclei of elements
forming the soil fabric and with hydrogen and oxygen
nuclei in the soil water. Collisions with heavier elements
slow down the neutron very little. They do, however, tend
to keep it close to the source, since the distance between
collisions is reduced when there are more scatterers. Thus
there is a greater density of neutrons close to the source
in a high bulk density soil than in a lower density one.
Collisions with hydrogen nuclei cause the neutron to lose,
on the average, half of its energy. As it slows down, the
probability that a collision with a nucleus will result in
its capture increases. Thus high bulk density increases
the density of neutrons near the source, but also the higher
number of absorbers reduces it. In nearly all practical
cases, the former effect dominates and higher bulk density
increases the slow neutron density and hence the number
detected (Greacen & Schrale, 1976).

7.1.3 Neutron sources

Very few radioactive isotopes emit fast neutrons spontane-
ously in sufficient numbers to make a practical neutron
source for field use. A possible exception to this is Califor-
nium-252. This has a rather short half-life of only 2.6 years,
which means that the source rapidly becomes too weak to
be useful. An ideal source would emit neutrons of a few
MeV energy, with no other radiation and have a half-life
of 20–40 years. This would ensure that it was as safe as
possible, with neutrons the only radiological hazard, have
a lifetime long enough to be useful for several years, but
present only a small hazard after a century or so. Some basic
information on radioactive sources and radiation are
contained in Section 7.11.

In the absence of a single isotope, the almost universal
choice is a mixture of two isotopes: Americium-241
(241Am) and Beryllium-9 (9Be). 241Am is an artificial isotope,
made in a nuclear reactor. It is radioactive, decaying with
the production of a relatively soft gamma ray of 60 keV
and an alpha particle. The alpha particles collide with
Beryllium nuclei to form Carbon-12 (12C) and a neutron.
Neutron energies lie in the range 2–6 MeV. The half-life
of 241Am is 432 years and, since it contains excess Beryl-
lium, the half-life of the source is almost as long. Therefore,
the source is, for practical purposes, stable for a long time,
but it is also a radiological hazard for very much longer –
thousands of years.

This does not mean that the source may be used indefi-
nitely. The decay of Americiumproduces gaseous products,
which increase the internal pressure in the source andmay,
in time, rupture it. For this reason, sources in use are pro-
duced to very stringent standards, with a double stainless
steel wall. Once a source is more than about 15 years old,
the conditions for its use become much more stringent,
such that, in practice, it cannot be used in field investiga-
tions. The source must then be disposed of and replaced.
Disposal costs are becoming very expensive, often exceed-
ing the cost of a new source. Moreover, many countries
do not have disposal facilities, increasing the difficulty of
arranging safe source disposal.

7.1.4 Slow neutron detectors

For field use, a compact detector of slow neutrons is
required. Three types are in common use.

A scintillation detector, similar to that used for density
measurement by gamma ray scattering (Section 6.7), can be
used. Most commonly, the scintillator is glass, doped with
a small amount of lithium.When a lithiumnucleus absorbs
a neutron, it becomes unstable and disintegrates, liberating
an alpha particle. The alpha particle produces a scintilla-
tion in the glass. Scintillation detectors are, however,
expensive and fairly delicate. Their main use is in com-
bined neutron and gammaprobes,whichmeasure both den-
sity and water content (Section 7.2.3).

Proportional counters containing either 10BF3 (Boron
trifluoride) or 3He (Helium-3) constitute the other two
main types of detector. They both contain a gas, which
absorbs neutrons and then emits an ionising particle. In
the case of 10B an alpha particle is released (as for 6Li), while
the neutron absorbed by 3He results in a proton being
ejected. The ionisation resulting from the passage of the
charged particle in the detector tube allows the gas to con-
duct electricity when a potential of a few hundred volts is
applied. 3He detectors are sensitive to more energetic
neutrons than 10BF3 ones and so give higher count rates,
allowing smaller neutron sources to be used, typically
37MBq, rather than 1.85 GBq. However, the output count
rate of a 3He proportional counter is more sensitive to the
applied voltage and discriminator level used than the 10BF3
counter, meaning that the instrument is more likely to

45Neutron Scattering

FOR REFERENCE PURPOSES ONLY



drift over time and more care is needed to avoid this affect-
ing the results. Section 7.11.4 explains the different units
of radioactivity.

7.1.5 Range of neutrons – sphere of importance

It takes many collisions to bring neutrons down to thermal
energies, where they can be detected. In the process, they
can travel a significant distance from the source before
returning and being counted. From the earlier discussion,
it should be clear that this distance depends on the distance
between collisions and that the smaller this is, the greater
the density of neutrons near the source. Also, neutrons
colliding with nuclei close to the source are more likely
to return to the detector than those that have travelled
further. In wet or high bulk density soils, there are more
collisions in this region, and hence its relative contribution
to the number detected is greater than in lower density or
drier soil.

The result is that the counts recorded by the probe
reflect an average water content over a volume which var-
ies in size according to the bulk density of the soil and its
water content. Moreover, the contribution of different
regions of the soil to this average depends on their distance
from the neutron source.

It is usual to define a sphere of importance, from which
95% of the counts emanate. Thus, if all the soil outside this
sphere were removed, the count rate would still be 95% of
that before this happened. The choice of 95% is clearly arbi-
trary, but reflects the fact that anything outside the sphere
of importance will have only a small effect on the counts
recorded.

Typically, the sphere of importance has a radius of
150mm in wet soil (volumetric water content about
50%) and 500mm or more in very dry soil. This has three
consequences.
• The volume over which averaging takes place is quite
large. For the sphere sizes just quoted, this is 14 and
520 L, respectively. This reduces the effect of minor gaps
around the access tube, down which the probe is lowered,
or of inhomogeneities in the soil and helps tomake the neu-
tron probe method robust.
• The spatial resolution of the probe is very limited. Steep
gradients of water content or sharp interfaces are smeared
out. As a result of this, there is little point in collecting
data from depths closer together than 100mm. Further,
because the sphere of importance is much larger in dry
than in wet soil, the probe responds asymmetrically to a
sharp interface in water content. In a dry soil layer, the
effect of a wetter layer can be detected progressively from
about 500mm away, while if the probe is in a wet layer, it
will respond to the dry soil only when it gets within about
150mm of it.
• The effective volume over which water content is aver-
aged varies, sometimes verymarkedly, as thewater content
of the soil changes over time. See Equation 7.8.1.

7.2 Types of Neutron Probe

Two basic configurations of neutron probe are in common
use, depending on whether the probe is used for surface
measurements or at some depth in the soil. These are illus-
trated in Figs. 7.3 and 7.4.

7.2.1 Surface neutron probes

The surface measurement probe is placed on the ground,
with the source and detector both as nearly at ground level
as possible and separated horizontally by about 100mm.
Neutrons emitted from the source are scattered within
the surface layers of the soil, and a proportion find their
way to the detector. The separation distance defines, to
some extent, the depths from which scattered neutrons
are detected. For larger separation distances, a greater pro-
portion of neutrons scattered deeper in the soil are meas-
ured. The region close to the surface between the source
and detector positions gives rise to most of the signal,
which is some kind of average of soil water content in
the upper ca. 100mm. An inhomogeneous distribution of
water in this region may give problems in interpreting
the data because of the effects described in Section 7.1.5.
Usually, a surface probe is combined with a gamma source
and detector to measure near-surface density as well as
water content (Section 6.5.3).

The most common use for surface probes is in road
construction to check on soil water conditions in the
road base before applying the surface layers. They are also
used in building maintenance to detect leaks in flat
roofs by indicating wet areas beneath the surface covering.
Surface probes are not used commonly in environmental

Fig. 7.3 Combined neutron water content and gamma
density probe for surface measurement. (See insert for colour
representation of the figure.)
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and agricultural applications, which generally require mea-
surements to some depth. The depth neutron probe is not
good at making near-surface measurements and a surface
probe may, therefore, be a useful complement. However,
few organisations carry both types of instrument because
of the extra costs of purchase, administration, maintenance
and field operations. Possible damage to crops from placing
a heavy piece of equipment on the ground, and problems in
making good contact with the surface, as well as making
repeated measurements at the same spot days, weeks or
months apart are additional barriers.

For these reasons, we will not be much concerned with
surface probes in the rest of this chapter, although many of
the principles applying to depth probes are equally applica-
ble to the surface version.

7.2.2 Depth neutron probes

The depth probe is also a backscatter device. The source
and detector are lowered down an access tube in the
ground to the desired measurement depth and returning
neutrons are counted.

Depth neutron probes are, in many ways, similar to
gamma ray backscatter density probes (Section 6.5.4). Apart
from using a different source and detector, the principal
difference is that there is no separation between these
two. Ideally, the source and detector would be located at
the same place and occupy only a point. In practice, the
finite size of practical detectors and sources make this
impossible. Some designs (e.g. Bell, 1969) use an annular
source placed around the midpoint of the detector tube,
as shown in Fig. 7.4, maximising the symmetry of the
system and avoiding uncertainty over where the centre of
the measurement region is situated. Annular sources are
expensive, and the most common arrangement is a source
in a much cheaper, small cylindrical capsule mounted
on the bottom end of the detector tube. Fortuitously,
the finite size of the source and detector, as well as the
presence of an access tube, makes the relationship between
count rate and soil water content very nearly linear
(Couchat, 1967).

The physical arrangement of a neutron depth probe is
shown schematically in Fig. 7.4, while Fig. 7.5 shows a
probe in use in the field. Figure 7.4 also shows the path of
two hypothetical neutrons emitted by the source. One of
these undergoes several collisions, moving erratically away
from the source (and detector) region. Eventually, it is cap-
tured by a nucleus in one of the soil constituents once
it reaches thermal energy. The other neutron undergoes a
similar series of collisions but, by chance, does not migrate
as far from the detector as the first one and is captured by a
nucleus in the detector and so can be counted by the probe
electronics.

Fig. 7.4 Schematic diagram of depth neutron probe.
Hypothetical paths for a neutron which returns to the detector
and one captured in the soil are shown. (See insert for colour
representation of the figure.)

Fig. 7.5 A neutron probe in use in the field. © NERC (CEH).
Reproduced with permission.
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Figure 7.6 shows a schematic of the electronic arrange-
ment of a neutron probe. Whenever a slow neutron enters
the proportional counter, which needs a few hundred volts
to power it, the ionised gas within allows a current to flow
briefly between the centre wire and the outside of the tube.
This current is converted to a voltage by measuring the
potential drop across a small resistor in the high-voltage
supply line. This voltage is normally a few millivolts and
lasts for about 1 μs. The pulse is amplified and passed to a
discriminator, which rejects very small pulses caused by
gamma rays from the source, cosmic rays and radiation
from the surroundings. Those pulses which exceed the dis-
criminator threshold are counted and divided by the time
over which they have been collected by the ratescaler
to display a count rate. Some units count the number of
pulses arriving over a predetermined time; others measure
the time taken to accumulate a predetermined number
of pulses. Some units give a choice of time or number of
pulses.

7.2.3 Combination neutron and gamma probes

Both surface and depth neutron probes can be bought com-
bined with a gamma density gauge. Surface probes are nor-
mally made as a combination unit. The same detector
is used for measuring both gamma rays and neutrons, but
a different source is used for each kind of measurement.
The arrangement for the surface gauge was described in
Section 7.2.1. For the depth gauge, the gamma ray
source is placed some 100–150 mm below the detector
and shielded from it by lead, as shown in Fig. 7.7, just as
in the normal backscatter gauge (Section 6.5.4).

Some design compromises are necessary in a combina-
tion gauge. This is principally in the choice of detector,
which must be able to detect both gamma rays and neu-
trons efficiently. Both 3He and scintillation detectors
using lithium-loaded glass have been employed. The detec-
tor gives very different size pulses for gamma rays and
neutrons, so that they are easily separated. The principal
difficulty with combination gauges, however, is in the

extra weight of two lots of radiological shielding for the
sources.

7.3 Access Tube Installation

Depth neutron probes need an access tube installed in the
soil, down which the probe can be lowered to the required
depths of measurement. The neutron probe, in common
with other methods for soil water and density measure-
ment, measures a weighted average of contributions from
around the centre of sensitivity of the instrument. The lar-
gest contributor to the measurement is the region closest
to this point, with decreasing contributions from further
distances. The soil immediately around the access tube,
therefore, contributes most to the measurement. It follows
that compaction of the soil, alteration of its structure or
voids close to the access tube, can distort the measure-
ments appreciably. Unfortunately, this is the region most
at risk when installing the tube. A further potential prob-
lem is that a small gap around the top of the tube may be

Fig. 7.6 Schematic electronic arrangement of a neutron probe.

Fig. 7.7 Combined neutron and gamma density backscatter
probe. (See insert for colour representation of the figure.)

48 CHAPTER 7

FOR REFERENCE PURPOSES ONLY



created or developed, down which water can flow during
rainfall or irrigation. This will make the soil immediately
around the tube wetter than in the surrounding soil and lead
to overestimation of water content. It is very important,
therefore, to take maximum care during tube installation
to avoid gaps around the access tube. It is also important
to avoid damage to the ground surface and vegetation by,
for instance, operators’ feet, which will affect the soil imme-
diately beneath differently from the rest of the area.

The ideal installation is one inwhich the access tube fits
perfectly into a hole in the soil, which is completely undis-
turbed apart from the removal of material to form the hole,
and is in an area of ground which is totally representative
of the surrounding, untouched area. Unfortunately, this
ideal is very difficult and, in many cases, impossible to
achieve. Nevertheless, good planning, preparation and care
while on site allowmost of the problems to be avoided or at
least minimised. Many likely problems are site-specific, so
that it is difficult to be prescriptive about suitable installa-
tion methods to cover all eventualities. Perhaps the most
useful advice is to allow plenty of time for both preparation
and installation and to use at least two people to install
even a shallow tube in an easy situation. The temptation
to complete the job as quickly and cheaply as possible
and, because the work is heavy, to employ unskilled labour
without adequate training or supervision must be resisted.
Although the work is undoubtedly heavy, it is also delicate.
Both the soil and ground surface are fragile and any vegeta-
tion is vulnerable to damage. Any lack of representivity
of the site caused by poor instrument installation will be
reflected in poor (and probably unknown) quality of data
for the lifetime of the study.

7.3.1 Choice of access tube material

The material chosen for the access tube is important.
It must be strong enough towithstand the stresses of instal-
lation: durable, considering the time that the installation
will be in use; economical, readily available locally; and
minimise disturbance to neutrons.

Aluminium alloy is usually themost appropriate choice.
It is reasonably cheap andwidely available, has low neutron
scattering and capture cross-sections, is sufficiently resist-
ant to corrosion in most soil environments; and is strong
enough to take repeated axial blows during installation
down to at least 10m in a pre-formed hole in most soils.
The inside diameter of the tube should be 3–10mm larger
than the outside diameter of the probe; a larger diameter
causes errors if the probe is not in the centre of the tube.
A wall thickness of about 1.5mm is sufficient in most
situations. A 45mm (1 3/4") outside diameter tube with this
wall thickness is widely available and suitable for use with
probes of diameter 38mm (1 ½"). Extruded tube is consid-
erably cheaper than drawn and quite suitable, despite less
stringent manufacturing tolerances.

It is usually preferable to use locally available materials,
rather than specially imported ones. For instance, 2"

(50.8mm) aluminium alloy irrigation pipe is often easily
available. Using this, rather than importing other materi-
als, saves money, time and problems if more is unexpect-
edly needed.

Other materials which have been used include stainless
or mild steel, polythene, PVC and brass. Iron has a rela-
tively high absorption cross-section for neutrons and sowill
reduce the count rate obtainable. However, steel is much
stronger than aluminium, and stainless steel is highly
resistant to corrosion and so may be more suitable in some
applications. Plastics all have a high hydrogen content,
which thermalises neutrons additional to that by the soil,
producing an artificially higher count rate. However, the
chlorine in PVC is a strong neutron absorber which reduces
the count rate. ABS is widely available as an alternative to
PVC and has similar mechanical properties, but does not
contain chlorine and so appears to be a better choice.
Brass is both expensive and less ‘transparent’ to neutrons,
but may be suitable in some applications.

7.3.2 Access tube construction

Finishing of the top and bottom of the tube must be consid-
ered; and if the tube is long, lengthsmay be joined together.

A closure at the top end of the tube is essential in almost
all cases to keep out rain, irrigation water or stray objects.
A simple rubber bung is often adequate. Sometimes, greater
protection is necessary, to prevent removal of the bung or
objects or other substances being put into the tube. An
extra sleeve covering both tube and bung usually prevents
accidental removal, including by animals. A steel cap, as
illustrated in Fig. 7.8a, will, in most cases, prevent deliber-
ate tampering. Both the cap and the access tube have a hole
running across a diameter, through which a pin is passed.
Casual removal of the pin is prevented by a small padlock,
fitted through a small hole on one end of the pin. Padlocks
can be bought all having the same key to avoid field staff
having to carry a number of different keys. Alternatively,
a nut and bolt may be used instead of the pin and lock,
although this is less secure. Higher security bolts are avail-
able, which can be unscrewed only with a special tool.

It is tempting to leave the bottom of the tube open. Expe-
rience shows that this is unwise for the following reasons:
• The water table may rise unexpectedly above the bottom
of the tube. Unreliable readings will be obtained as a result.
Damage to the probemay occur if it is immersed inwater at
the bottom of the tube.
• A cone-shaped end to the tube helps to guide the tube
into the hole during installation, reducing the chance that
small stones are displaced or soil is shaved from the side of
the hole.
• The bottom of the tube may be slightly damaged during
installation. This can grip the probe tightly at the bottom of
the hole, preventing it from being withdrawn and necessi-
tating the digging out of the tube and probe as a whole.
• Repeated placing of the probe onto the top of the access
tube may drive the tube gradually further into the soil,
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making the reading depths progressively deeper. A large
area of contact provided by the end plug will usually
prevent this.

The first and third of these are not hypothetical
examples.

The disadvantages of a bottom plug are that rain and
other liquids which accidentally get into the tube cannot
soak away easily and that sometimes air pressure builds
up ahead of the tubewhile pushing it into the hole, prevent-
ing its insertion.

Bottom plugs are most conveniently and cheaply
machined from solid aluminium alloy rod (see Fig. 7.8b).
Because of the variation in tube size, they need to be man-
ufactured to fit a particular batch of tubing – variation
within a batch has been found to be very small. Fixing them
to lengths of access tube with epoxy or by welding before
going to the field is usually easier and quicker in the work-
shop than in the field, especially in poor weather. Ensure
that the tube has not been enlarged when fixing the bottom
plug. If it has, file it down to the same diameter as the rest of
the tube.

In some applications, tubesmust be inserted to depths of
10m or more. Supply, transport and handling of a tube of
this length are all difficult – 6m is about as long as can
be managed conveniently. If longer lengths are required,
then it is recommended that they be joined on site as the
tube is put into the hole. Since the tube should be, as far
as possible, a snug fit in the hole, the tube must not be
any wider at the join than elsewhere. An internal joining

piece, which has been used on many occasions, is shown
in Fig. 7.9. The metal is very thin and so the pieces must
be stored carefully to avoid damage. Epoxy cement has been
found suitable for sealing the joints, which are, in any case,
under compression while inserting the tube. Again, the
joining pieces should be made to fit a particular batch of
tube (see also Fig. 7.18).

Access tubes should be at least 300mm longer than the
deepest reading depth required, to provide some stick-up
above ground and accommodate the part of the probe below
its centre of sensitivity.

7.3.3 Site characteristics affecting access tube
installation quality

Some considerations when planning an installation are
listed here. Every site is different, however, and there will
almost always be additional issues.
• Weather. Installation in wet weather may make the soil
surface easily compacted. Tools are more difficult to clean
when muddy. Discomfort of operators from wet, cold or
heat increases the temptation to exercise less care than
usual. In heavy rain, water may run down the hole, increas-
ing apparent water content of the soil at depth temporarily.
• Season. This affects the state of the ground surface and
any vegetation and their vulnerability to damage. In wet
and/or cool seasons, the water table and soil water content
may be high, which will affect both the mechanical resist-
ance and cohesiveness of the soil. Dry soil is often difficult
to install tubes into. It is usually harder thanwetter soil and
often lacks cohesion, which makes removal of material
with an auger difficult, as it tends to fall off.
• Vegetation cover. Damage to the vegetation on the site,
whether natural, arable crop, forest understorey or grass,
will affect the water balance and, hence, the water content

Fig. 7.8 (a) Locking cap for access tube security. (b) and (c) End
plug. The plug should fit snugly inside the tube, and its outer
diameter must be no larger than that of the access tube. It must be
sealed onto the tube to keep water out.

Fig. 7.9 Section through an access tube with an internal joining
piece. The angle of the internal bevel is 3�.

50 CHAPTER 7

FOR REFERENCE PURPOSES ONLY



of the underlying soil, making it unrepresentative of the
area as a whole. In most cases, grass is resistant to damage
andwill recover quickly. It is usually sufficient, in this case,
to spread the weight of operators using planks or duck
boards (wooden slats nailed to heavier battens). Taller or
more delicate crops present greater challenges. It may be
necessary to construct a platform of wooden planks, sup-
ported by scaffolding or a wooden framework, from which
to work. Clearly this increases both the time for prepara-
tion and on site, with consequent increase in cost.

With arable crops, it is much easier to install tubes after
sowing or soon after emergence, rather than when it has
grown more than 100 or 200mm high. In temperate cli-
mates, many autumn-sown crops are quite robust to traffic
over the winter period.
• Ground surface conditions. The underlying soil type and
surface wetness influence the vulnerability of the surface
to damage. Generally speaking, a wet surface has a lower
bearing capacity and is more easily compacted or scraped
than a dry one. Stones or gravel lying on the surface can
be pressed into it by operators’ feet. A bare soil surface
is usually more vulnerable to damage than one covered
by vegetation.

The greatest hazard to the ground surface is compac-
tion, causing localised ponding and runoff, sometimes
towards and sometimes away from the access tube. In
either case, measurements are unlikely to be representa-
tive of the surrounding area.

Particular care must be taken where there is a surface
crust or loose material, such as litter or poorly decom-
posed humus.
• Soil type has several implications for the difficulty and
most appropriate methods of tube installation.

Sandy soils are often poorly cohesive, particularly when
dry or very wet, and soil material is difficult to remove by
means of a standard auger. They often also lack the ability
to relax after compression. Thismeans that a small gap, cre-
ated around the top of the tube by movement of the instal-
lation tools or subsequently by repeatedly placing a neutron
probe on it, does not close up naturally, leading to water
running into the gap.

Expansive clay soils are a particular problem, as the
access tube may act as a focus for cracking and the soil
may shatter during the installation process when dry.

Heavy clays are very sticky when wet, making it diffi-
cult to insert or remove a close-fitting tube. When dry, they
are often very hard and difficult to work. Late spring in tem-
perate climates, or early in the dry season in tropical ones, is
usually the best time for installation in such soils.

Some soils andmany geological materials are cemented,
making it difficult to penetrate with a tool.
• Stones createmany problems. They disrupt the passage of
anauger.Theymayshatterwhenhitbya tool.Alternatively,
they can be dislodged into the hole, leaving a cavity next to
the access tube. Or they can be pushed into the soil, causing
localcompressionandprobablyacavityaswell.Thereareno
really satisfactory answers to this kind of problem. The best

that can be done is to record the presence of the stone, mak-
ing the best assessment possible of the resulting situation
and to bear this in mind when interpreting results later.
• Depth of installation. The difficulty of installing access
tubes increases rapidly with increasing depth. While the
largest water content changes normally take place near to
the surface, changes deeper in the profile cannot usually
be ignored. Many workers confine themselves to installing
monitoring tubes to no deeper than 1m. This is usually
inadequate for water balance monitoring, as most crops
extract water from deeper depths. An installation depth
of 2m should usually be considered the minimum accept-
able. Some crops, especially woody species, have root sys-
temswhichmay reach 6m ormore (e.g. Calder et al., 1997).

The effort required and the dangers of gaps developing
and surface or crop damage all increase with increasing
depth of installation.

7.3.4 Access tube locations

The effects of spatial variability were discussed in
Chapter 4. Themain conclusions relevant to neutron probe
use can be summarised as follows:
• Sample at as wide a range of locations within the study
area as possible and, in particular, include all significant
combinations of crop, soil type and landscape position. In
statistical terminology, these are often called strata.
• Sample as many points within each stratum as practical.
If the spatial variability in each stratum is expected to be
similar, then having a number of access tubes roughly pro-
portional to the area occupied by each stratumwill produce
the best overall average for the area. However, if an impor-
tant stratum is expected to exhibit significantly higher spa-
tial variation, then more tubes in this stratum would be
justified to make the confidence limits between all impor-
tant strata comparable.
• Because measurements at locations close to one another
(separated by less than the range of the data) are often more
similar than between those further apart, it is advisable to
spread measurements evenly over each stratum (Papritz &
Webster 1995a, b) unless there is other information to help
make choices of location. However, practical constraints
may require this to be modified heavily.
• Choose locations which are as easy as possible to access,
reduce damage to soil surface and crops asmuch as possible
and minimise the time taken to move from one to another.
This should not, however, be at the expense of representiv-
ity. Locations must be typical of the area, well away from
field edges, paths and other features likely to affect soil
water. As a general rule, a narrow path of about 2m width
is likely to cause a disturbance for about twice its width
either side, so that an access tube 4m away from it should
be acceptable. A wide road or a field boundary will have an
effectmuch further away. This distance is likely to increase
the deeper that measurements are made. A good guide is to
locate the access tube at least twice as far from the bound-
ary as its depth.
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7.3.5 Equipment required – manual
and semi-manual installation

The following should be regarded as a guide only. Different
sites may require slightly different techniques and, hence,
different equipment. Additionally, installation techniques
vary according to individual preferences and equipment
available. The equipment is most suitable for relatively
shallow installations (up to 3m), but has been used for
semi-manual installations up to 12m depth. The access
tube is assumed to be 45mm outside diameter.
A different size of access tube will need some of the dimen-
sions to be adjusted.

Ground protection
• Planks or duckboards sufficient to support the weight of
two or three operators – if the soil or vegetation is particu-
larly fragile, then material to build a framework will be
needed to support a wooden platform above the surface of
area about 3m × 2m around the access tube position.
• A ground protection plate of 6mm thick aluminium
alloy 0.5m square, with a central hole of 46mm. Holes of
7mm diameter in each corner anchor the plate to the
ground by four 200mm × 6mm diameter pegs. A further
6mm hole 25mm from the edge of the central hole holds
a 6mm diameter bolt to act as a locating pin for a jack to
remove the guide tube (see Fig. 7.10).
• Stakes and tape to mark off zones to keep operators off
most of the surrounding area.

Equipment for making the hole
• Enough 1m lengths of AQ drill rod to reach the desired
depth when assembled. This has an outside diameter of
44.5mm and an inside diameter of 34.9mm (4.8mm wall
thickness). The lengths screw together with square cut
threads to withstand repeated blows. Also required are a
head piece to take a rammer and tommy bar, made from

a short (75mmapprox.) piece of AQ rod, with amale thread,
as in Fig. 7.11a, and an internally bevelled short length
with a female thread to act as a cutting shoe, cut from
the opposite end of the same rod, as in Fig. 7.11b. If more
than one or two tubes are to be installed, it is wise to have
one or two spare cutting shoes and head pieces.

Or:

• Mild steel guide tubes in lengths of 1.15m, 2.15m, etc.
45mm o.d., 39mm i.d. (3mm wall thickness). The top of
the guide tube has a reinforcing ring welded to it and a hole
drilled through to take a 20mm diameter tommy bar for
guide tube removal, as shown in Fig. 7.11c, while the bot-
tom should be sharpened by an internal bevel (Fig. 7.11d).
• Screw augers of 28mm (for AQ rod) or 35mm (for sepa-
rate guide tubes) with extension rods and handles to allow
working to the maximum length of tube to be used plus
150mm. Note this may be more than the depth of the tube
to be installed. With the guide tubes mentioned earlier, a
1.5m hole would require an auger of total length at least
2.30m. Ensure that the auger extensions will fit inside
the guide tube. Suitable screw augers have proved difficult
to obtain commercially. A wood auger of the appropriate
diameter, brazed to a length of auger extension has proved
to be successful. Sometimes, other designs of auger (e.g.
Edelman) are more successful at penetrating or retaining
soil (Fig. 7.12).
• A rammer to knock the guide tube into the hole after
each augering. A suitable design is shown in Fig. 7.13. An
alternative would be a small diameter post hole rammer,
which fits over the guide tube. These tend to be a little
too light for maximum effectiveness, however, and also
require that the longest guide tube be even longer than

Fig. 7.10 Aluminium alloy ground protection plate.

Fig. 7.11 (a) and (b) AQ drill rod ends for access tube installation
made from a length of drill rod. Photographs by Andy Dixon.
Reproduced with permission. (a) Head piece to allow driving into
the soil. (b) Cutting edge. (c) Fixed length guide tube (d) Cutting
edge of fixed length guide tube; this one has been damaged by
contact with stones in the soil and needs sharpening.
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the access tube, as the rammermust all be outside the guide
tube and above the surface. Using one of these types of ram-
mer ensures that the top of the guide tube is impacted along
its axis, and there is no significant side force to enlarge the
hole, as may happen if a sledge hammer is used.

Equipment for removal of the guide tube
• A tommy bar of mild steel, 20mm diameter and
0.4m long.

• A clamp to fit onto the guide tube, with a piece of box
section mild steel welded to it, to take a car jack.
• A suitable car jack to lift up to 2 tonnes. The jack should
be able to lift from not more than 100mm from the ground
with a lift of at least 0.5m.

Ancillary equipment
• Spanners for auger extensions and clamps.
• Heavy hammer to shake out soil from guide tubes.
• Half-round file to repair damage to cutting shoe edge.
• Clamp wrenches, chain wrenches or stilsons to separate
AQ rods and to assist guide tube removal.
• Wire brushes to clean equipment.
• Spirit level to ensure verticality of tube.
• WD-40 or similar lubricating spray to lubricate threads.
• Marker pen tomark depths on guide tube and auger stem.
• Bucket to put soil removed into.
• Tube cutter to cut access tube to the correct height after
insertion.

Alternative, optional or additional equipment
(see also Section 7.3.8)
• Petrol-driven, pneumatic or hydraulic hammer and adap-
tor to mate with the top of the guide tube to provide more
power for ramming guide tubes.
• Petrol-driven, pneumatic or hydraulic drill with adaptor
to enable it to drive the auger.
• Ball clamp and rod puller for guide tube removal.
• Sample bags to collect soil samples for later examination
or analysis.

7.3.6 Access tube installation – manual
and semi-manual method

In most cases, access tubes can be inserted by manual
means, perhaps supplemented by powered, manually oper-
ated tools for deep installations or in hard and heavy soils.
The following notes are intended as a guide to good prac-
tice. The availability of equipment, site conditions, etc.
will influence the details of the procedure. However, the
overriding consideration must be to produce a hole with
a diameter all the way down equal to the outside diameter
of the access tube, while leaving the ground surface and
vegetation surrounding it undamaged. This is quite a
demanding task, but is perfectly possible in light- to
medium stone-free soils and can be achieved to an accept-
able degree in almost all others provided sufficient care
is taken. The biggest dangers are enlargement of the hole
near the top and damage to the ground surface and/or
vegetation.

Preparation
Protection of the ground surface and vegetation is the first
priority. There will, inevitably, be some foot traffic around
the access tube location. If there is a slope on the site, then
the approach to the access tube location should always be
from the downslope side. Any soil compaction occurring

Fig. 7.13 Rammer for hammering guide tube into the soil.

Fig. 7.12 Screw and Edelman auger.
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during installation will then cause water to run away from
the access tube. Mark off an approach route at least 5m
long and about 1m wide using stakes and tape. Widen this
out to an area of about 3m × 2m around the access tube.

If the soil is bare or covered with short vegetation (less
than about 75mm in height), place the ground protection
plate onto the surface, with the hole at the desired location.
Secure it with pegs to prevent movement. Place planks or
duckboards on the ground surrounding the ground protec-
tion plate, ensuring that accidental trampling of the ground
within 1m of the plate is prevented.

If the ground surface is very soft or there is fragile or
tall vegetation, then build a platform around the access
tube location as low as possible without damaging the
vegetation. Cover this with planks, so that the area of
the platform is covered, except for a small gap over
the access tube location. Secure the planks in place. It
may be necessary to build a railing around the edge of
the platform to stop people from falling off. Fix the
ground protection plate to the planks over the access
tube location.

To minimise traffic in the area surrounding the access
tube, all the frequently used and smaller tools should be
kept on the boards surrounding the tube.

Drilling the hole
1 Take one section of AQ drill rod, with cutting shoe
and head piece fitted, or the shortest length of guide
tube, and hold it vertical, with the cutting shoe on
the ground through the ground protection plate. While
keeping the guide tube vertical, knock it into the
ground by approximately 150 mm with the rammer.
Remove the rammer and insert the screw auger. Auger
through the guide tube to remove the soil inside the
guide tube and then drill 150 mm ahead of the cutting
edge. This will take a few attempts. Clear the soil from
the auger into the bucket each time. Alternatively, col-
lect it into sample bags for later examination. Make
sure to label all sample bags with the date, location
and depth. Notes should be made on the type of soil
as the hole is drilled, noting, in particular, the location
of any boundaries.
2 Now reinsert the rammer and knock the guide tube
down by another 150mm, so that it reams out the auger
hole to the correct diameter for the access tube. Do not
knock the cutting edge of the guide tube beyond the depth
that the auger has drilled.
3 Repeat this process, advancing the guide tube by 150mm
each time, until just 150mm of the guide tube protrudes
above the ground protection plate.
4 If using AQ drill rod, hold the length sticking out of the
soil with a clamp wrench or stilson and unscrew the head-
piece. Then screw on the next length of drill rod and replace
the head piece, ensuring that themetal shoulders at the end
of each thread are in contact with one another.
5 With separate guide tubes, the complete tube must be
removed. This can often be accomplished by using the

tommy bar to pull and, if necessary, twist the tube. With
long guide tubes and/or difficult soils, the use of a jack
or rod puller will usually be necessary. This is the part
of the process when the top of the hole is most likely
to be enlarged, so it is important to ensure that the tube
is pulled as straight as possible. A rod puller and ball
clamp has much greater lifting power than a car jack;
and with two levers, the pull will be along the axis of
the tube.
6 The process is repeated with the new length of tube until
the desired depth is reached. Note that the bottom of the
neutron probe is below its centre of sensitivity by about
100mm (depending on the probe design). The hole must
be made somewhat deeper than the deepest reading depth,
therefore, to accommodate this and the bottom plug. The
last augering through the guide tube should stop at the bot-
tom of the guide tube, to remove just the soil inside it.
7 When the desired depth has been reached, remove the
guide tube.
8 Insert the bottom end of the access tube into the hole
and, taking care to keep it vertical, push firmly down.
The first 1 or 2 m of the tube usually goes in quite easily,
becoming harder as it gets further down. Tapping the top
of the access tube with the rammer will usually achieve
complete insertion. It is important to ensure that it is
seated solidly on the bottomof the hole, to prevent repeated
neutron probe use from gradually pushing the tube further
into the soil over time.
9 Trim the top of the access tube to leave an amount of
tube protruding (known as the stick-up). It is good practice
to standardise on the amount of stick-up to avoid confu-
sion later when the tube is read. This will depend on the
design of the neutron probe used, as they normally have
a socket in the bottom to fit over the tube. It may also
be necessary to leave a length of stick-up to avoid damage
to the vegetation by the neutron probe and to accommo-
date growth, or to gain a convenient reading height for
the probe. The stick-up should not, however, be any
greater than necessary to satisfy these considerations, as
the lateral leverage effect of the probe on the tube can
be substantial when the stick-up is large. The protruding
tube will also intercept rain, which will then run down
the outside of the tube to the ground immediately
around it. 100, 150 or 200mm is often a good choice for
the stick-up.
10 If the installation has been done very well, there will
be no gap around the tube at the top. This can often be
achieved, but frequently there is a small (1 or 2mm) gap.
This is most likely caused by compression of the soil which
may, in time, relax back to fit well around the tube, elim-
inating the gap. This process can be encouraged by using
gentle foot pressure to press (not scrape) the soil back
around the top of the tube. Some very sandy soils lack
the ability to do this, and the only recourse seems to be
to sift dry sand from the surroundings down the gap. While
not ideal, this is certainly preferable to leaving a gap for
water to run down.
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7.3.7 Installation into stony soils

Stones probably cause more problems in access tube instal-
lation than anything else. The consequences in disturbing
subsequent readings from the tube can be profound. There
are very few situations where encountering a stone during
installation will not force some departure from the ideal
method, described earlier.

Very small stones, less than about 6mm diameter, can
probably be picked up by the auger along with its surround-
ing soil and not cause a problem. Slightly larger ones usu-
ally prevent the auger from turning and thus halt the
alternate auger and ream out process. In this situation,
the best course is normally to hammer the guide tube down
by about 50mm, to catch the stone and some soil in the
bottom of the guide tube. The guide tube then has to be
taken out of the soil, the soil removed from it and then
the guide tube replaced.

In these situations, it is sometimes difficult to remove
the soil from the guide tube. Tapping with a heavy hammer
will often shake the soil out; but sometimes, it can take
several minutes to remove soil jammed into the bottom
of the guide tube using a combination of hitting the tube
with a hammer, to push it out from the top with the auger
and removing it from the bottom with a spatula or
screwdriver.

Large stones that will not pass into the guide tube are
an even bigger problem. There is little alternative in such
cases to trying to break up the stone or abandoning the
hole. Depending on the size of the stone and its brittleness,
the guide tube cutting shoe, when used with the rammer,
may break it sufficiently to allow the fragments to be
caught inside the tube. The tube has to then be withdrawn,
emptied as described earlier and replaced. Several attempts
may be needed before the hole has been cleared of all the
larger fragments of stone and augering is again possible.
The surrounding soil will also not be in its natural state,
with probably both compaction and cavities left behind.
It is, therefore, important to record the incident and the
best estimate of the depth(s) affected.

Using the guide tube to break up stones damages the
cutting edge, which should be re-sharpened and any pro-
trusions removed from the outside with a file.

Stones rarely come singly and if one is encountered,
another is usually found before long. The result is that
many holes have long lengths where no augering is possible
and drilling is entirely a result of using the rammer. The
need to remove the guide tube from the hole each time
makes this a very time-consuming process. The temptation
to ram the tube down bymore than 150mm at a time, how-
ever, should be resisted. Soil and stones get very tightly
packed into the end of the guide tube and, rather than
cutting its way through the soil, the process is closer to
hammering a solid bar into the ground, compacting the
surrounding soil.

Some soils are so stony that it is impossible to remove
material from the hole, either by auger or inside the guide

tube. In these cases, a hole can be made by hammering a
sharpened rod of the same diameter as the access tube into
the ground and accepting that the soil will be compacted
locally. This clearly affects the accuracy of the results,
but it is normally preferable to obtain some measurements
of lower accuracy than none at all.

7.3.8 Use of powered tools in manual installation
(semi-manual methods)

In heavy soils, situations where installation greater than
2 or 3 m is required and in stony soils, it is very difficult
to complete a hole solely using manual labour. The most
useful powered tool is a mechanically driven (petrol, air
or hydraulically powered) hammer, which can be used in
place of the rammer. An adaptor will be required so that
one end fits onto and inside the guide tube and the other
fits onto the hammer (see Fig. 7.14).

Drill steels, which fit inside the access tube, are availa-
ble with hardened tips, which can be used with the petrol

Fig. 7.14 Rammer adapted for petrol hammer.
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hammer to break up stones at the bottom of the guide tube
and save some damage to the edge of the cutting shoe.

The ability to power the auger is usually less valuable
than having a petrol hammer. However, in cemented for-
mations and some heavy soils, it can save a great deal of
effort and time.

7.3.9 Other manual methods

There are many variations on the basic method discussed
earlier, which may be more suitable for different situations
or even personnel. It is not possible to go into all of these.
Two possible methods, both of which avoid using a guide
tube, are worth a mention.

The first method uses the access tube as its own guide
tube. This can be done using aluminium alloy tubes in
light, stone-free soils to shallow depths. At the beginning
of the process, the augermust be inserted and removedwith
almost the full length of the tube sticking above the ground,
thus limiting the depth to a little over 1.2m. The end of
the access tube can be sharpened and an end plug inserted
at the end of the process using a rubber bung (39mm for a
45mm o.d. aluminium alloy tube) forced into the tube.
Alternatively, an expanding elastomer closure or epoxy or
other cement introduced down a tremmy pipe can be used.
Figure 7.15 shows a typical expanding elastomer (silicone
rubber or similar) closure.

For deeper depths or more difficult (but still stone-free)
soils, thicker-walled steel or stainless steel pipe, which
can be screwed together in sections, can be used for both
guide and access tube, as for a guide tube made from AQ
drill rod.

The advantages of not using a separate guide tube are
that time taken in removing it from the soil is saved, and
the likely problems associated with hole enlargement on
guide tube removal and reinsertion are avoided.

The second method, is, once again, suitable only for
stone-free soils and involves augering a hole directly into
the soil. A bucket-type auger, which has a diameter exactly
the same as the access tube, is used. Great care is needed to
avoid the hole being enlarged near the surface by constant
friction as the auger is removed each time for emptying.

However, very good quality installations have been
achieved by this means to depths in excess of 6m in deep,
volcanic, stone-free soils in East Africa (Gunston &
Eeles, 1979).

In the vast majority of cases, however, the use of a guide
tube is essential to avoid the hole being enlarged.

7.3.10 Access tube installation – mechanical methods

When a large number of access tubes need to be installed,
where installation to depths greater than about 2m are
needed or where soils are very heavy or stony, fully
mechanised installationmay be a viable option. The capital
cost of the equipment is high, as is the ongoing mainte-
nance; but suitable equipment may be available for other
purposes, such as drilling shallow boreholes for water sup-
ply or groundwater observation. Some drilling contractors
may be willing to do the work, although, unless they are
specialists in this work, close supervision will be necessary
to avoid unacceptable levels of ground compaction and dis-
turbance and poorly fitting tubes.

The equipment is inevitablymuch heavier than forman-
ual or semi-manual installation and brings with it attend-
ant problems of ground compaction, spillage of fuel or
lubricating oil and damage to vegetation. Thorough atten-
tion to preparation beforehand, fencing off access routes
and awareness of the importance of avoiding disturbance
to the natural state of the site by operators should avoid
serious problems.

A successful method for installing deep (over 4m) tubes
in a variety of materials uses a light rotary drilling rig. AQ
drill rod is used, with a tip as shown in Fig. 7.11b, encrusted
with carborundum nuggets. This may produce a very
slightly oversize hole. However, drilling too tight a hole
often makes insertion of an access tube impossible. It is
believed that the drilling process removes most of the soil,
but some is pushed out sideways and relaxes slowly back
again when the drill tool is removed, leaving a tight-fitting
tube. It is important to ensure that there is no gap around
the top of the access tube after installation.

Removal of the drilled material from the hole is by air
flush. A central pipe, which extends to the bottom of the
drill string, carries air, which then blows the material up
to the top of the hole. The use of a dust mask to prevent res-
piratory problems is essential. In light winds, some of the
arisings collect around the top of the hole, which should
be caught on a rubbermat, tarpaulin or similar. Dust collec-
tors are available, but have, in practice, proved difficult to
use successfully. Water or other drilling fluids to flush out
the arisings are, for obvious reasons, not acceptable.

At the end of the drilling, an access tube is inserted in
the same way as for manual installation. The drilling rig,
however, provides a means to press the tube with a force
of a few tonnes into the soil from a greater height than
can be done standing on the ground. Installation by this
means has been carried out successfully at a number of sites
to depths of 6m or more.

Fig. 7.15 Elastomer seal for access tube bottom. The elastomer
may be cut from a rubber bung or made from a ball of suitable
size. An alternative is to use several rubberwashers, each separated
by a smaller diameter metal washer.
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7.3.11 Very difficult soils and use in existing boreholes

Despite the best intentions to drill close-fitting access tube
holes, in very stony and heavy soils (particularlywhenwet),
this may prove impossible. The deliberate drilling of an
oversize hole may be the only option. Equally, a site may
already have some existing boreholes which could be used
for neutron probe logging. Ideally, the borehole should be
backfilled with a grouting material around an access tube.
Two approaches have been reported (see Fig. 7.16).

One uses closed-cell polyurethane foam, which can be
mixed on site and dropped to the bottom of the hole via a
tremmy pipe, after inserting the tube (Black, 1977). The
mixture foams up, filling the void space and, if the correct
quantity of mixture has been used, just filling the hole in
a few minutes. If there is too little, then it is easy to have
a second attempt to fill the remaining space. Too much
could be embarrassing, but should not cause long-term
problems. The foam is sufficiently light that its hydrogen
content is extremely low, and the foam acts almost like
an empty space to neutrons. Because it is closed cell, it
absorbs negligible amounts of water, but prevents the
hole from filling with water. The expansion of the foam
normally means that a small mound of foam appears
around the top of the tube, which will encourage

rainwater to run away from the tube. The foam degrades
in ultra-violet light and so should be protected from
sunlight.

If there is no possibility of a water table within the depth
of the access tube (more unlikely than it at first appears),
then the same effect could be achieved by inserting the
tube into an empty hole, using light, flexible arms attached
to the tube at intervals to centralise it in the hole.

The other involves filling the void space with a cement
and clay-based slurry. Prebble et al. (1981) used a cement–
kaolin mixture, while Keller et al. (1990) investigated two
types of bentonite and cement slurry. In the latter case,
promising results were obtained in a laboratory test,
although the stability of the results over time was not
investigated.

In some situations, it may be desirable to dispense with
an access tube altogether and lower the probe, with a cen-
traliser, down the hole. It is even more important in this
situation that the probe is not lowered below the water
table, since most probes are not watertight and significant
damage would result from immersion.

Centralisation of the probe in oversize holes is impor-
tant, as there is a significant effect on count rate of the dis-
tance of the probe from the edge (Morris & Cooper, 2004).

Fig. 7.16 Neutron probe in large diameter boreholes. (a) Access tube in a foam-filled grout; (b) access tube in empty borehole – note
the hole is water-filled up to thewater table depth; (c) access tube in cement-based grout; (d) probe in boreholewith no access tube – note the
use of centralisers and the possibility of damage to the probe through immersion.
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7.4 Accommodating Farming Operations

Most soil water monitoring relies on permanent access
from the surface, which implies some equipment both in
the upper part of the soil and (usually) above ground. The
latter is an obstruction for harvesting machinery and some
other farming operations. Ploughing, cultivation and sow-
ing involve penetration of the upper layers of the soil. There
are, therefore, difficulties for both the farmer and experi-
menter in installing and operating observation equipment
at the same time as normal farming operation. One solution
is for the farmer to avoid the area around the instruments
and to cultivate their immediate surroundings by hand to
replicate as closely as possible the treatment of the rest
of the field. This may be reasonable and achievable under
some circumstances, but is always likely to arouse a suspi-
cion that it may not be completely representative. What is
definitely NOT acceptable is to leave a small oasis of bare
ground, grass or weeds around instruments in an otherwise
uniformly cultivated field.

Some agricultural operations are possible with careful
siting of instruments in relation to farm machinery move-
ments. Most farmers use a system of ‘tramlines’, along
which the machinery’s wheel tracks run. These usually
persist from one year to another andminimise soil compac-
tion and damage to the crop. Siting instruments between
pairs of tramlines avoids their being run over, and ensuring
that all are below the height of spray or irrigation booms
minimises disruption for both the farmer and the investiga-
tor. If instruments are too tall (e.g.mercurymanometer ten-
siometers – Section 12.5.1), then it may be possible to fold
them down or remove part of them temporarily.

Where the operations involve penetration into the soil
over the whole field, for example for ploughing or drilling
of seed, then things are more difficult. A solution was
devised by Howse (1981), and a slightly modified version
is described here. It uses the same joining pieces as depicted
in Fig. 7.9 (Section 7.3.2) to allow both the above-ground
and upper parts of the access tube to be removed. The pro-
cedure is shown diagrammatically in Fig. 7.17.

The access tube is jointed at ground level and about
200mm (depending on the maximum depth of cultivation)
below. The joining piece in both cases should be bonded to
the upper piece of access tube, so that the end pointing
upwards is a plain piece of tube. The depth of the lower joint
should be about 50mm deeper than the expected maxi-
mum cultivation depth to avoid damage to the length of
tube permanently in the ground. An access tube extension
bonded to a joining piece is shown in Fig. 7.18.

Early in the growing season, the upper piece of access
tube can be quite short (100–200mm) as for permanently
installed tubes (first picture in Fig. 7.17). Later, when the
crop has grown taller than the access tube height, the upper
part of the access tube can be replaced with a longer one.
A temporary platform will probably be required to use
the neutron probe at that height, to avoid crop damage,
to allow convenient handling of the neutron probe and

for radiological safety. A light, temporary platform, which
can be placed onto semi-permanently installed supports,
is a good solution. The supports will have to be removed
for harvest, ploughing, etc.

For harvesting, the top part of the access tube is removed
and a cap or rubber bung placed into it. A metal cap is more
robust, but it needs to have a watertight seal. Occasionally,
a rubber bungmay be forced into the top of the tube by pres-
sure from a wheel. This can usually be removed with some
effort. Even less often, the top of the tube may be damaged,
which usually requires that the lower extension piece be
replaced.

After harvest, the upper extension piece can be replaced
and readings resumed.

For ploughing and/or seed drilling, the upper and lower
extensions must be removed completely. When extracting
the lower extension, care must be taken to leave the hole
intact. A rubber bung or waterproof cap, with a maximum
diameter slightly smaller than that of the hole, is then
placed on top of the permanent part of the access tube in
the ground. A ring or hook firmly fixed to the top of the
bung or cap will aid its removal, and a short length of string
(enough to reach just above the ground surface) also helps
locate the position after ploughing. The hole above the
bung is lined with thin paper (80 g m–2 photocopying paper
is quite suitable) and then filled with expanding polyure-
thane foam. This is available in builders’ merchants and
do-it-yourself stores in press-button cans. The foam comes
as two components which mix as they leave the can. It
expands rapidly by a very large amount, and so it is easy
to produce too much foam. Some experimentation to find
the right amount to use is, therefore, wise. The paper liner
prevents the foam from penetrating into the soil.

The polyurethane foam is very weak and ploughing
breaks it off easily, leaving the foam plug below the plough
layer intact. Fears that problemsmay be caused bymachin-
ery catching the string and pulling the bung out have not
been realised.

The access tube position after ploughing and sowing can
be located by careful measurement from points at the edge
of the field, aided by visual lining up of landscape features
(e.g. the edge of a fence post with the corner of a distant
building). Alternatively, surveying equipment can be used.
With sufficient care, both before the top of the access tube
is removed and after ploughing, the access tube position can
be located to within about 15mm. It then remains to dig
carefully down to locate the top of the remaining polyure-
thane plug, making as small a hole as possible, remove the
plug and bung – the string helps here, or alternatively the
ring can be grabbed by a sharp-pointed hook on a short
rod – and take out the rest of the paper liner. The soil
and, especially, the seeds must be preserved. The hole in
the undisturbed soil should be intact and the upper access
tube extension can be replaced, taking care that it fits
snugly down. The already disturbed soil now needs to be
replaced carefully to match as nearly as possible the loo-
sened soil around it. With care, the seeds can be replaced
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as well and if germination has not proceeded too far, will
grow as well as the rest of those in the field. Their progress
should, of course, be monitored and remedial action taken
if necessary.

This procedure ensures that only soil that was
disturbed by ploughing needs to be dug up and replaced,

so minimising the amount of artificial disturbance. Good
liaison with the farmer will ensure that the access tube is
out of action for the minimum time.

A similar method was used by Glenn et al. (1980). They
attached a strong nylon cord to the bottom of the access
tube, allowing the access tube and extension to be pulled

Fig. 7.17 Access tube arrangement to accommodate farming operations. (See insert for colour representation of the figure.)
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up. The extension was removed, the cord wrapped around
the top of the access tube a few times and the access tube
capped, then pushed back into the soil, with a short length
of the cord above ground. The cord had a flag on it to aid in
finding it after ploughing. After cultivation, the tube could
be pulled up again with the cord and the extension refitted,
then pushed back into position. Glenn et al. (1980) reported
that in the silty soil where they used it, there were no pro-
blems of hole collapse, but it would be wise to check
whether this is the case for other soils.

7.5 Accuracy and Precision of Measurement

Data are collected using a neutron probe by lowering the
probe to a series of depths in the access tube and recording
the number of slow neutrons collected over a period of
time. There are several ways in which the process affects
the accuracy and precision of themeasurements. Before dis-
cussing this issue, it is worth being clear about what is
meant. Precision and accuracy are not the same thing. Pre-
cision relates to the reproducibility of a measurement.
Thus if the same quantity is measured two or more times
and the same or a very similar result is obtained on each
occasion, then themeasurement would be described as pre-
cise. Accuracy, however, is concerned with whether the
result of the measurement conforms to some absolute
standard. Measurements may be very precise; but because
of some consistent defect in themethod or equipment, they
are not very accurate. If all measurements are in error by a
similar amount in the same direction, then this is termed a
bias and the resultant errors are described as systematic.
Examples of systematic errors in water content measure-
ment are discussed in Section 7.5.3. Variations between
repeated measurements of the same quantity are, on the
other hand, described as random. It follows that estimating
the precision of a set of measurements is much easier than

assessing their accuracy. Nevertheless, to ensure good
accuracy, one precondition is that the measurements be
precise.

7.5.1 Standard error of water content measurement
due to random counting

This section deals with the main factor in the neutron
probe method affecting precision, usually called random
counting error. Other sources of imprecision and inaccu-
racy are described in Section 7.5.3.

Anyone who has heard the clicks from a Geiger counter
knows that they do not come steadily, but several clicks are
bunched together, then there is a short period with no
clicks, then maybe one or two clicks, more silence, then
perhaps a fewmore close together and so on. This is because
the arrival of radioactive particles at the counter is random.
Over a long time period, the number of counts is likely to be
fairly constant, but in a short time, there may be no clicks,
one, two or more. This can be characterised by saying that
in any time interval the expected number of particles arriv-
ing is the same as in any other equal time interval. If the
interval is very short, the number expected will be small
(less than one if it is short enough) and if it is very long, then
the expected number will be high. The expected number is
the long-term average and so is not usually awhole number,
although in any particular interval itmust be an integer (i.e.
a fraction of a count is not possible). If the expected number
in a short time interval is 0.1, then in about 90% of inter-
vals, no particles will be detected. In about 1 in 11, one par-
ticle will be detected and, more rarely, two. Even more
rarely, three (or evenmore) will be detected. For an interval
1000 times as long, the expected number is 100. We expect,
in this case, that 100 events will turn up quite often, but
should expect 99, 102, 95, etc. almost as frequently. Num-
bers as low as 50 or as high as 150 will be extremely rare.

Figure 7.19 shows the frequency of different numbers of
counts, when the expected number is 0.1 and 100.

This frequency is described by a Poisson distribution.
For our purposes, the important characteristics of a Poisson
distribution are that the standard deviation of the number
of counts is √N, whereN is the expected number of counts,
and that, for large N, the distribution approximates to the
more familiar Normal Distribution. So for 100 counts,
the standard deviation is 10. In Fig. 7.19, a Normal Distri-
bution curve with the samemean and standard deviation is
superimposed onto the Poisson distribution. For a mean of
0.1, the Poisson distribution is very skewed and bears little
relation to the Normal Distribution. However, for a num-
ber of expected events over about 100, the two are very
close to one another. For a reasonable number of total
events, therefore, we can use Normal statistics to charac-
terise the uncertainty in measurements, with a standard
deviation of the estimate equal to the square root of the
total number detected.

For onemeasurement of a quantity, the standard error of
measurement is the same as its standard deviation, that is

Fig. 7.18 Removable access tube extension, showing the
joining piece.
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on 68% of occasions the measurement will be within one
standard deviation of the true value. So, if the expected
count is 100, 68% of the measurements will be between
90 and 110 and 95% will be between 80 and 120.

More realistically, the total number of counts from
neutron probe measurements is usually of the order of
10,000, so that the standard error is around 100 or 1% of
the number of counts, as opposed to 10% when the
expected number is 100.

Most modern probes give the output as a count rate, R,
that is the total counts recorded divided by the time:

R=
N
t
: ð7:5:1Þ

To calculate the standard error of the count rate, the
total number of counts must be calculated, then their
standard error and finally divided by the time. So the total
number of counts is:

N ±
ffiffiffiffiffi
N

p
=Rt ±

ffiffiffiffiffiffi
Rt

p
: ð7:5:2Þ

Dividing through by t shows that the count rate is
expected to lie in the range:

R ±

ffiffiffiffi
R
t

r
: ð7:5:3Þ

ffiffiffiffiffiffiffi
R

t=
p

is the standard error of the count rate, R.
Equation 7.5.3 shows, as one might expect, that the longer
the counting time, the smaller the expected error in the
count rate. However, because the error reduces according
to the square root of the time, to halve the standard error,
onemust wait four times as long to accumulate the counts.

In most cases, soil water content is related to the count
rate by a calibration equation of the form:

θ = a
R
Rw

+b ð7:5:4Þ

where
a and b are calibration constants and
Rw is a standard count rate specific to a particular probe.

It follows that the standard error in θ due to random
counting error is given by:

σθ =
a
Rw

ffiffiffiffi
R
t

r
: ð7:5:5Þ

7.5.2 Standard error of change in water content

We are usually much more interested in the change of
water content between two reading occasions, rather than
its absolute value. This is the primary focus in any investi-
gation concerning soil water balance, water extraction by a
crop, amount of irrigation applied, infiltration by rain or
irrigation, or drainage from the soil profile. In this case,
the standard error, σ(θ2 – θ1), of the change in water content
is given in the usual way for Normal statistics by:

σ θ2−θ1ð Þ=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2θ1 + σ

2
θ2

q
ð7:5:6Þ

where
θ1 is the volumetric water content at the beginning of a
period and

θ2 is the volumetric water content at the end of the period.
If the counting time, t, is the same on both occasions,

then, from Equation 7.5.5:

σ θ2−θ1ð Þ = a
Rw

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R1 +R2

t

r
ð7:5:7Þ

whereR1 andR2 are the count rate on each occasion or, ifR1

and R2 are not too different:

σ θ2−θ1ð Þ≈ a
Rw

ffiffiffiffiffiffiffi
2R
t

r
ð7:5:8Þ

Fig. 7.19 Expected number of events for a Poisson distribution recorded over 1000 intervals when the mean number per interval is 0.1
(left-hand graph) and 100 (right-hand graph). The Normal Distribution for the same mean and standard deviation (the square root of
the mean) is shown in each case as the continuous line.
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where R is one or the other (or ideally the mean) of R1 and
R2. This is the same as the standard error of a single deter-
mination (Eq. 7.5.5) multiplied by the square root of 2.

7.5.3 Other sources of measurement error

So far, we have discussed only spatial variability and ran-
domcounting as a source of error inwater contentmeasure-
ment. In an ideal world, these should be the dominant
mechanisms. However, several other significant causes of
inaccuracy may be present, particularly in difficult soils
and where installation or measurement practice is poor.
An exhaustive list may not be possible, as there are often
site-specific circumstances. However, the more common
ones appear below.

Calibration errors
Calibration practice is described in Section 7.7. Because
this depends itself on measurements sometimes made
under difficult circumstances, the calibration relationship
can never be perfect. Unlike random counting error, how-
ever, errors resulting from calibration are systematic, that
is to say that they affect all measurements at that point in
the same direction and the error does not reduce by using
longer counting times or more measurements. An error
in the slope, a, of the calibration relationship (Eq. 7.5.4.4)
of, say, 2% will affect all measurements by this amount
and will lead to a systematic over- or underestimate of
water content changes of 2%. An error in the intercept
value, b, will, however, affect absolute values of water con-
tent measurement but have no effect on changes.

Two points should be made about calibration relation-
ships. Firstly, all soils vary spatially inmany ways. The cal-
ibration curve is determined primarily by the chemical
composition of the soil and its dry bulk density. It should
be expected that these will vary spatially and hence there
is a spatial dependence of the calibration constants a and
b. It is not possible to know their precise value at any par-
ticular place and so there is always likely to be an unknown
systematic error in the measurements from this cause.
Secondly, describing the calibration curve itself in the form
of Equation 7.5.4 is itself an approximation to reality. In
practice, calibration relationships will always show some
curvature, introducing an error into the measurements.
In most cases, this curvature cannot be resolved from the
measurements available and so straight line calibrations
are almost universally adopted, except sometimes for
near-surface measurements.

Standard count errors
The use of a standard count,Rw, to characterise a particular
probe allows for instrumental drift and interchangeability
of instruments. However, the standard count is itself a
source of error, which can be minimised by good practice,
but never entirely eliminated. There is a random compo-
nent to it, as a result of random counting and a systematic
component which results from variations in the standard

count occurring over time. The random component can
be reduced by using very long count times and the system-
atic component by making frequent standard counts. How-
ever, this does not compensate for short-term changes in
Rw, to which some probes are prone. Standard counts are
discussed in more detail in Section 7.7.1.

Depth location errors
As described earlier, the neutron probe measures water con-
tent integrated over a large volume of soil. This makes it rel-
atively insensitive to small changes in position. However,
where sharp interfaces occur or where there is a strong gra-
dient in water content, even small changes in depth location
can produce sufficiently different count rates that the error is
comparable with or greater than that due to random count-
ing. This is particularly true where repeated measurements
are made in the same tube and where the change from one
reading occasion to the next is small. If the probe is placed
at different depths on successive occasions, this error may
enhance or reduce the real changes significantly. Where
there is a steady change in water content over a long depth
range, a systematic error in probe placement, say 5mm too
deep at each depth, will have an appreciable accumulative
effect on water content over the complete profile.

To illustrate this latter point, consider an idealised
section of profile of 1m depth, whose volumetric water
content varies smoothly from0.1 at the top to 0.4 at the bot-
tom. If each measurement point is made 5mm too deep,
then thewater content at the point ofmeasurement is actu-
ally 5/1000 × (0.4 − 0.1) greater than it is at the correct
depth. Over the 1m depth of profile, the accumulated
difference in total water storage is, therefore, 5/1000 ×
(0.4 − 0.1) × 1000mm, that is 1.5mm. Random counting
error will typically be 2mm over such a profile for a 15 s
counting time and 1mm if 60 s counting times are
employed. A 5mmerror in depth placementwill, therefore,
produce an error in water storage comparable with that
resulting from random counting.

Sharp interfaces and steep gradients
A sharp boundary between two different soil horizons is
usually accompanied by an equally sharp change of water
content. We have already remarked that the effect of the
boundary is apparent from a greater distance away on the
drier side than on the wetter one, because of the depend-
ence of the size of the sphere of importance on water con-
tent. It might be expected from this that the total water
content in the profile would be overestimated, as the depth
of profile over which water content is overestimated is
greater than that over which it is underestimated. In fact,
the opposite is the case and sharp interfaces produce an
underestimate of total water content.

Steep gradients have much the same effect: the bound-
ary is just not as sharp.

These effects are rarely taken into account in practical
field investigations. Identifying the location of the exact
position of a boundary is difficult when installing access
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tubes and water content either side of it is not often suffi-
ciently homogeneous with depth to allow a reliable correc-
tion to be made. Steep gradients are even more difficult to
deal with in this way. Water content changes over the year
usually preserve most of the difference across boundaries
and gradients, so that errors from this effect on changes
of water content are usually small.

Water running down the outside of the access tube
The part of the access tube above ground is vulnerable to
several hazards. It can be kicked or struck accidentally by
people, animals or falling objects or it may be loosened
by repeated placing of the probe on the top. The tube inter-
cepts rainfall, which can run down a small gap between the
soil and the tube, making the soil immediately around the
tube wetter than it would be if there were no gap. It is,
therefore, important to ensure that there is no gap between
the soil surface and the tube.

Additional precautions to minimise any effect on the
readings include using a small rubber or plastic drip ring
to stop water running down the outside of the tube and
let it drip onto the soil close to the tube, and building a very
small ridge of soil a few mm high around the contact
between soil and tube to ensure that water runs away from
the tube.

In any case, the tube should be inspected on each visit to
ensure that there is no gap and to take remedial action if
there is, such as pressing the soil back around the tube
or, if that is not effective, sifting a small amount of soil from
close by into the gap.

7.6 Measurements in Access Tubes

Once tubes are installed, they can be used tomeasure water
content and its variation with time at a series of depths.
Travel to the site, unpacking and repacking the equipment,
making the measurements and moving between one meas-
urement location and the next all take time. Intelligent
choice of locations (Section 7.3.4), measurement depths
and count times as well as good experimental practice will
maximise the value of the necessarily limited time availa-
ble for data collection. The final choice of sampling strategy
depends on the experimental objectives. For instance, a
strategy to make the best estimate of the water balance
over a large area differs from one comparing the water or
solute balance between different crops on the same soil
or from one where the focus is on transport in the deep
unsaturated zone.

7.6.1 Choice of measurement depths

Choice of appropriate measurement depths is critically
dependent on the objectives of the study. As a general rule,
water content changes are greatest near the surface, and so
it is natural to have a greater density of measurement in
this zone. Where the water table may fluctuate within

the depth of the access tube, however, water content may
change even more than close to the surface, particularly
in sands and gravels, where a change in water content
between saturated (i.e. under the water table) and unsatu-
rated of more than 25% by volume may be experienced.

As noted above, there is very little to be gained by mak-
ing measurements closer together than 100mm in depth,
because of the very limited depth resolution of the neutron
probe.

It is prudent to make measurements initially to the full-
est depth possible. After one or two years of data have been
collected, it may become clear that water content changes
below a particular depth are negligible and the deepest read-
ing depth can be reduced. Because of random counting error
and other sources of random error, however, small changes
in water content may be masked by the noise in the read-
ings. Aggregating together readings from several locations
in the bottommetre of the depth rangewill reduce the noise
and reveal small seasonal trends.

7.6.2 Choice of counting time or total counts

As described in Section 7.5.1, the measurement precision
resulting from random counting error is proportional to
the square root of the total number of counts, which is
equal to the count rate multiplied by the time over which
the counts are accumulated. We are usually interested in
determining water content to a particular precision, say
0.5% by volume, and so a convenient routine to achieve
a result close to this is useful.

Some scalers or ratescalers give a choice of counting for
a predetermined time or up to a predetermined number of
counts.

For a predetermined time, t, the likely error in water
content measurement is given by Equation 7.5.5.

The likely error is, therefore, proportional to the square
root of the count rate.

For a predetermined count, the time, t, to accumulateN
counts is given from Equation 7.5.1:

t =
N
R
: ð7:6:1Þ

Substituting this into Equation 7.5.5 gives for the likely
error in θ:

σθ =
a
Rw

:
Rffiffiffiffiffi
N

p , ð7:6:2Þ

which is proportional to the count rate.
While neither method yields a constant absolute error,

the change in likely error over a range of water content,
is much smaller when using a predetermined counting
time. If the count rate changes by a factor of two (say from
200 to 400 counts s−1), then the likely error will increase by
a factor of

ffiffiffi
2

p
. For the same change in count rate, the likely

error if measurements were made using a predetermined
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count would increase by a factor of 2. Since volumetric
water content is usually very nearly proportional to count
rate, this means that the likely error is closely proportional
to the square root of the water content in one case and to
the water content in the other. A constant count time also
has the advantage that the time required to make a meas-
urement is predictable. It is recommended, therefore, that
a predetermined count time be used.

The count time chosen is inevitably a compromise
between a desire for maximum precision and the time
available to make readings. Travel to the site, setting up
the equipment, moving between different instrument loca-
tions, making readings of other instruments and doing
maintenance jobs at the site are likely to take the majority
of an operator’s available time. This limits the time to
make readings and, hence, the maximum count time for
measurement.

Assuming that there is some flexibility in choosing
count times, then the time, t, required to achieve a desired
level of precision in water content, σθ, can be calculated by
inverting Equation 7.5.5:

t =
a2R
R2

wσ
2
θ

: ð7:6:3Þ

Or, using Equation 7.5.4:

t =
a θ−bð Þ
Rwσ2θ

: ð7:6:4Þ

Thus if the desired precision of measurement, σθ is 0.5%
by volume, then for a typical probe and soil with R = 300
counts s−1, Rw = 900 counts s−1, a = 0.9, b = −0.01, and
θ = 0.29, t turns out to be 12 s. To achieve a precision of
0.1% by volume would require a counting time of 300 s
(5minutes), which is likely to be excessive for most routine
monitoring programmes. Counting times in the range of
10 s to 1 minute at each depth are usually regarded as prac-
tical, giving a precision in the range of 0.5–0.22% volumet-
ric water content for these counting times. At a water
content of 0.09, these would be 0.32–0.13% and for a water
content of 0.49, the precision would be 0.7–0.3%.

These results apply to measurements at a single depth
and consider only errors caused by random counting.
The application to measurement of total storage over the
whole profile or a range of depths will be considered in
Section 7.7.2.

7.6.3 Long count times or measure more tubes?

Asmentioned previously, there is a trade-off betweenmak-
ing precise measurements in a single tube or a few tubes
and collecting more, less precise measurements in several
tubes. The total time taken depends on the count time
selected, the number of depths at which counts are col-
lected, the time taken to position the probe between depths
and record the information, and the time taken to carry the

probe from one tube to another and set it up for reading. As
a general guideline, it will normally take about twice as
long to make readings in a tube using 60 second counting
times as using 15 seconds, that is twice the precision for
twice the effort expended.

The relevant question is whether the uncertainty in the
areal estimate is greater by following one strategy (e.g.mak-
ing individualmeasurementswith high precision by using a
long counting time at each depth) or by following an alter-
native one (e.g. reading twice as many tubes, each with a
short counting time at each depth).

The uncertainty in water content at each individual
reading depth is easily calculated from Equation 7.5.5,
although in reality it will be a little higher than this as a
result of other factors. And the overall uncertainty as a
result of the spatial variability between tubes can be esti-
mated using the usual formula:

σθv =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn

i=1
θi− �θð Þ2

n−1

s
, ð7:6:5Þ

where
σθv is the standard deviation arising from spatial variability
derived from a reading of θ at n different locations
(access tubes);

θi is the value of θ at the ith location, and
�θ is the mean value of θ.

The standard error resulting from spatial variability,
SEθv is then:

SEθv =
σθvffiffiffi
n

p =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn

i=1
θi− �θð Þ2

n n−1ð Þ

vuut
: ð7:6:6Þ

This assumes that normal statistics can be applied and
that there is no spatial correlation between the value of θ
at the different locations. If this is not the case, the sam-
pling scheme is likely to be less efficient and the standard
error of the estimate will be larger (see Chapter 4).

The uncertainty in the mean value of θ at any particular
depth over the area is then:

SEθ =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2θv + σ

2
θR

n

s
ð7:6:7Þ

where σθR is the uncertainty arising from random counting
error. We expect the value of θ to be similar at each loca-
tion, so that σθR will be very close to that given by using
�θ for θ in Equation 7.5.4 inserted into Equation 7.5.5, with
an approximation that b is zero, that is:

σθR≈

ffiffiffiffiffiffiffiffiffiffiffiffi
a
Rw

:
�θ

t

s
: ð7:6:8Þ
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The overall standard error is, therefore:

SEθ =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2θv +

a
Rw

�
�θ

t
n

vuuut ð7:6:9Þ

In our example, with two different count times, t1 = 4 t2
and different number of tubes read, n1 = n2=2ð Þ, the standard
error in each case is:

SEθ1 =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2θv +

a
Rw

:
�θ

t1
n1

vuuut ð7:6:10Þ

and:

SEθ2 =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2θv +

a
Rw

�4
�θ

t1
2n1

vuuut ð7:6:11Þ

The long count time/smaller number of tubes standard
error, SEθ1, will be greater than SEθ2 if:

σ2θv +
a
Rw

�
�θ

t1
n1

>
σ2θv +

a
Rw

�4
�θ

t1
2n1

ð7:6:12Þ

which simplifies to:

σθv >

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2a
Rw

:
�θ

t1

s
ð7:6:13Þ

Using some typical numbers of a = 0.9, Rw = 900 counts
s−1, t1 = 60 s and a value of mean water content, �θ, of
0.3m3m−3, we have: σθv > 0:0032 or 0.32%.

So, in this example, if the spatial variability is expected to
begreater than0.32%byvolume (in this case about1%of the
mean), the overall estimate of errorwill be smaller if the time
available is used to read a greater number of tubes using a
shorter counting time. Inmost cases, this is likely to be true.

This ignores the extra effort required to install the extra
access tubes in the first place! It is also true that the under-
lying spatial variability cannot be assessed until there are
measurements available. In addition, spatial variabilitywill
probably vary seasonally. For a long period monitoring pro-
gramme, it may be possible to run a pilot study to establish
the variability between a small number of tubes. Alterna-
tively or additionally, gravimetric sampling on one wet
and one dry occasion before the main tube installation pro-
gramme will help to plan an installation and monitoring
programme. As explained in Chapter 6, the uncertainties
associated with volumetric sampling are likely to increase
the apparent spatial variability, but this is much less likely
to be true of mass wetness, which can be converted to
volumetric water content by using a representative bulk

density and Equation 5.1.10. This will not take into
account variations in bulk density, but should be adequate
as a guide both for estimating the likely spatial variability
and the range over which there is spatial correlation
(Cuenca et al., 1997a).

Unfortunately, knowing the variability in water content
is not the whole story. Usually, there is a relatively consist-
ent difference in water content between different tube loca-
tions, with a similar pattern of changes superimposed upon
this (Vachaud et al., 1985). If changes inwater content are of
primary interest, for instance if the primary purpose of the
study is to compute the water balance of a soil profile, then
the calculation should be made on changes of water con-
tent. This can be done by comparing the likely precision
of measurement of changes at a single depth, or over a
depth of profile as described in Section 7.9.2, at one location
with the variability of that quantity between tubes.
This can be done by using σ(θ2 − θ1) according to
Equation 7.5.8 or σ(W2–W1) according to Equation 7.9.7 in
place of σθv and Equation 7.6.13.

For the condition that it is favourable to use a greater
number of access tubeswith short count times, these lead to:

σΔθv >

ffiffiffiffiffiffiffiffiffiffiffiffiffi
4a
Rw

:
�θ

t1

s
ð7:6:14Þ

and:

σΔW >

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4a
Rw

:
�θD2

Nt1

s
; ð7:6:15Þ

where
D is the total depth of profile, and
N is the number of depths at which it has been read.

For the values of a, Rw, t1 and �θ used above, D = 2m
and N = 10, these work out at 0.0044m3m−3 and 2.8mm
respectively.

Over the course of a year, there are likely to bemany dif-
ferent time periods over which change could be computed.
The best choice will depend on the objectives of the mea-
surements, but the difference between the maximum and
minimum values experienced or that between the mean
summer (or dry season) and winter (or wet season) values
should serve in many cases.

As shown earlier, it will be unusual for random counting
error of absolute water content, even for relatively short
counting times of 15 seconds, to be larger than spatial var-
iability. This is also likely to be true for most sites where
water content changes, either at a single depth or over a pro-
file, are needed. However, it may not be so in homogeneous
soils with small inter-plant spacings.

7.6.4 Good measurement practice

Good measurement practice aims to minimise all control-
lable sources of error and to ensure that the readings are as
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close as possible to what would be measured in a totally
undisturbed soil. In pursuit of this, the following precau-
tions must be taken. In some situations, additional or mod-
ified measures will be required.

Crop and ground protection
As with access tube installation, protection of the natural
state of the site is of paramount importance and many of
the same precautions apply. On grassed sites, with soil that
is not easily compacted, no specialmeasuresmay be needed,
especially if the site is not visited frequently. Itmay be advis-
able to stand in a different place on each reading occasion
to avoid wear and compaction if visits are more frequent
than once per week or during very wet or dry periods. Alter-
natively, a small platform, placed a few centimetres above
the ground, with an open surface (e.g. a mesh or slats) will
avoid pressure on the ground, let rain through and shade
the surface only very slightly (see Fig. 7.5). The platform
should not, however, be larger than necessary.

Tall crops and rough vegetation are harder to protect and
may need permanent platforms for operators to stand on.
Shading of the ground surface from rain and sun presents
additional problems, which may be avoided by leaving a
permanent framework in place, onto which a portable plat-
form can be placedwhen readings are taken.Working above
the ground surface may introduce a danger of falling from
the platform andmake a light handrail necessary. If the crop
rows are separated widely enough, it may be possible to
walk between the rows and use the neutron probe without
damaging the crop and avoid a raised platform.

Depth placement
As discussed earlier, accurate depth placement to better
than 5mm is important. This is crucial where repeated
measurements are made, so that the measurement at each
depth on each occasion is truly comparable with those on
other occasions.

The way in which the probe is positioned at each depth
varies between different models of probe. In some, locating
pieces are clamped to the cable. These are held by a support
on the transport shield of the probe. Provided that the socket
on the bottom of the transport shield is seated properly onto
the top of the access tube, this is a robust system.Almost the
only ways that error can occur are if the cable should stretch
over time (a not unknown occurrence); if the top of the tube
is damaged, preventing it fitting completely into the trans-
port shield socket; if the tube should move up or down in
the soil; or if the clamps are not tight enough. The system
is, however, rather inflexible and cannot copewith using dif-
ferent depths in different tubes.

Others use a plastic spring clamp, rather like a large
clothes peg, which is clipped onto the cable at appropriate
places and sits on a support on the transport shield or
directly on the top of the access tube. Marks on the cable
may be used to indicate places to locate the clamp. This
is a less robust system, as it depends on accurate placing
of the clamp, and there is always a danger that it may slip

on the cable, particularly in coldweather. Amarked cable is
also at risk of stretching.

Themost flexible and, arguably, convenientmethod is to
use a knurled wheel attached to a mechanical or electronic
indicator. The wheel is driven by the cable as it is fed into
the access tube. A spring-loaded pulley maintains pressure
betweenwheel andcableandahand-operated, spring-loaded
clamp holds the cable at the desired depth. High-quality
components are necessary, but the system has proved itself
in many parts of the world. Problems can occur if the probe
needs to be moved up and down to get past a slight obstruc-
tion in the tube, and backlash in themechanismneeds to be
watched. It is best to make measurements from the top to
the bottom of the tube, to avoid reversing the direction of
cable travel and ensure that the cable always approaches
the measurement depth from above. With these precau-
tions, depth location is normally sufficiently accurate,
although it is good practice to record the indicated depth
as the probe reaches the bottom of the tube. In very cold
weather, thecablemayslip, eitheragainst theknurledwheel
or through the clamp if the spring is not strong enough to
hold the stiff and possibly slippery cable.

7.6.5 Recording measurements

It may seem obvious, but proper recording of data is at least
as important as collecting it in the first place. In particular,
it is important to record sufficient information to allow
users at some time (possibly a few decades) in the future
to interpret it. This means that the following information
should be recorded alongwith the raw count rates: the loca-
tion, date, time, observer’s name, instrumentation identifi-
cation and depth of observations. There are many possible
variations in theway that data are collected and recorded. It
may bewrittenmanually onto paper forms, entered directly
into a portable computing device or recorded automatically
in the internal memory of the ratescaler. In the last case,
not all of the relevant information may be entered easily
into the memory, requiring an auxiliary paper record to
be kept with the field data. This introduces the danger that
the two will become separated.

Whatever the recording medium, work is needed to set
up the recording system before any data are collected.
The principles of this are the same for allmethods of record-
ing, but the actual mechanics will be different.

In most cases, a number of different access tubes will be
logged at a series of dates. For recording onto paper forms, it
may be more suitable to record all readings for one partic-
ular tube over a period of time on the same form or, alter-
natively, to record all tubes read on one date together.
This is less of an issue with data being recorded automati-
cally by the ratescaler, since all readings should be date- and
time-stamped. Entering the location and other auxiliary
information and ensuring that the internal clock is set cor-
rectly must, of course, be done manually.

Figure 7.20 is an example of a form suitable for manual
recording of data in which several access tubes are read at
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Fig. 7.20 Example of a form for manual recording of neutron probe readings from several tubes on the same date.
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the same site on the same occasion. It can be adapted easily
to record data for the same tube on a number of different
occasions.

It is written for a neutron probe having a wheel-driven
depth indicator. These are normally set to a reading when
locked in the transport shield of 9994, so that when it is
lowered to a position where the centre of sensitivity is
level with the top of the access tube, it reads 0000 (this
example is for the Didcot Instruments IH II Probe, whose
centre of sensitivity is 60mm above the access tube top –

100mm above the probe bottom with a 40mm deep
socket in the bottom of the transport shield which fits over
the access tube (see Fig. 7.4). The indicator displays in cen-
timetres). With this procedure, the indicator shows the
desired depth plus the height of the access tube above
ground. An alternative strategy would be for the depth
indicator to be reset to a different value for each tube
height, so that the reading was zero when the centre of
sensitivity was level with the ground surface. At this site,
each access tube has a different stickup (‘tube ht’), and so
the depth indicator readings will be different for the same
depth of observation in each tube. It is strongly recom-
mended that the actual indicator readings be entered onto
the field sheet as they are set, rather than having them pre-
filled onto the form. Then, if an error is made in setting the
depth, this will be recorded, aiding subsequent quality
control of the data. For the same reasons, the depth indi-
cator reading with the probe locked in its transport shield
(Depth Gauge Start), resting on the bottom of the access
tube (Depth Gauge Bottom) and on return to the transport
shield (Depth Gauge End) should be recorded. The latter
two will detect any slippage in the transport mechanism,
allowing the reliability of depth setting to be assessed.
Similar considerations apply to probes having marked or
clamped cables.

The form has space for the standard count to be written.
This may be entered after the readings have been taken or,
alternatively, the standard counts may be stored elsewhere
in the data processing system used.

The time is recorded as Greenwich Mean Time (GMT)
to accord with British conditions. Local time will normally
be appropriate, but in countries which use daylight saving,
the local time changes according to the season. To ensure
that there is compatibility with other data sources (e.g.
meteorological), there needs to be a fixed relation between
the time recorded on the form and solar time. It is recom-
mended that the time be the same as that used by themete-
orological service in the local area.

There is space at the bottom of each set of readings to
record the sum of all the readings. This may be done in
the field, if there is time, or subsequently. It is an important
check to ensure that data are transcribed correctly from the
form to the processing system (see Section 7.9.3).

The form also contains a generous area for writing notes.
Observers should be encouraged to make full use of this to
record any unusual situation or conditions.

The form can also be implemented as a spreadsheet on a
handheld personal digital assistant (PDA), smartphone, or
on a laptop or tablet computer. In this case, data may be
transferred directly into a processing system or the spread-
sheetmay be the processing system itself. In the latter case,
the field operator could see instantly the data displayed in
graphical format and identify and correct probable reading
errors.

7.7 Calibration

There are two aspects to calibration—Instrument and soil.
Instrument calibration relates to a particular neutron
probe. It takes into account differences between different
probes. Soil calibration relates to differences in the rela-
tionship between the count rate of a particular design of
probe in a range of soils.

7.7.1 Instrument calibration

Different examples of the same probe design often display
a markedly different count rate in the same soil at the
same water content. This is a consequence of differences
in source strength, detector sensitivity and electronic
characteristics, such as the voltage applied to the detector
and the threshold level of the discriminator between
probes. Over time, a probe’s count rate will change some-
what. This may be a consequence of decay of the source
(241Am–Be sources have a half-life of about 432 years, so
this is very slow), conversion of the gas in the detector
tube (again a very slow process), or changes in electronic
components.

Provided that the change is fairly slow and regular, then
this can be accommodated by using a count rate in a stand-
ard medium to normalise the count rate.

Various materials have been used for a standard
medium. Some workers use a large block of plastic, into
which an access tube is inserted. Others use the moderator
of the transport shield. Another choicemight be the soil at a
particular depth in an access tube, which was known not to
change its water content over time. Such a case would
occur at a depth of more than about 300mm below the dee-
pest occurrence of the water table, provided that no chem-
ical change in the water accompanied the seasonal
fluctuations. In many ways, the simplest choice is a large
drum of water with an access tube in its centre.

The essential characteristics of a standard are as follows:
• It should be large enough to contain the neutron cloud.
This ensures that there is no influence on the count rate
by, for instance the floor or ground surface, or objects
nearby. It also protects operators from radiation emanating
from the source. If the standard is not large enough to meet
this criterion, then particular attention must be given to
ensure that the surroundings are always exactly the same.
This can be difficult to realise in practice.
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• It should be high in hydrogenous material. This ensures
a high count rate and minimises errors resulting from ran-
dom counting. Also, the greater the hydrogen content, the
smaller the sphere of importance.
• It should have a low coefficient of thermal expansion.
The effective water content of the standard is proportional
to its density, and so the count rate is expected to be sim-
ilarly related. Thus count rate will vary inversely with tem-
perature and the coefficient of expansion of the material of
the standard. Most plastics have a relatively high thermal
expansion coefficient.
• It should be chemically stable and not absorb water from
the atmosphere. If it does the latter, then count rates will
vary as atmospheric humidity changes.

As a result of these considerations, it is recommended
that the standard adopted is a large drum of water. Water
is easily available, and so reproducible standards can be
constructed easily and cheaply at almost any location. It
has one of the densest hydrogen concentrations available,
so that, provided there is at least 200mm of water sur-
rounding the probe on all sides, the effect of any change
to the surroundings is negligible. Its thermal expansion
coefficient is quite small, typically 2.1 × 10–4 �C–1, ensuring
a change of only about 0.4% over a 20�C range of tempera-
ture. This, however, assumes that thewater does not freeze,
which would produce a 9% change in volume, so that the
water drum should not be left outside in seasonally cold cli-
mates. 0.4% equates to 4mm of water in a soil profile con-
taining 1000mm (2m depth at 50% by volume, 5m at 20%
by volume), so that for accurate work, it is advisable either
to keep thewater standard in a reasonably constant temper-
ature environment or to monitor the water temperature
(which may be quite different from the local air tempera-
ture) and to make a correction to the standard count rate
for this. This consideration is evenmore important for plas-
tic standards, most of which have a coefficient of thermal
expansion larger thanwater. The appropriate calculation is:

Rw T0ð Þ= T−T0ð ÞRw Tð Þβ ð7:7:1Þ

where
Rw(T) is the count rate in the standard at temperature T;
β is the coefficient of volume expansion of the standard

material (for solids, this is three times the linear coeffi-
cient of expansion, usually designated α); and

T0 is the reference temperature at which the standard count
rate is expressed (e.g. 20�C).
A water standard may be constructed from any suitable

water-holding container, provided that it is large enough.
Old oil drums or waste bins have been used very success-
fully. The biggest problem encountered is usually in hold-
ing an access tube in position. A 45mm diameter access
tube has a buoyancy of about 15N m−1 length. A 1.2m
immersed length of tube, therefore, will require a down-
ward force of 18N (about 1.8 kg weight) to keep it in place.
A suitable design for a water drum standard is shown in

Fig. 7.21 and a photograph of one is in Fig. 7.22. If any com-
ponents are made of steel, they should be protected from
corrosion by galvanising or another coating to avoid iron
species gradually dissolving into thewater. Growth of algae
can be inhibited by using an opaque container.

A further advantage of using an easily reproducible
standard is that it allows different neutron probes of the
same design to be interchanged easily, without significant
loss of measurement accuracy. It is expected that, in any
situation, the count rate between two similar probes or
the same probe at different times will be affected propor-
tionally by the same amount. Normalising the reading
according to a standard count should, therefore, produce
an identical figure. This was tested by Hodnett and Bell
(1991) and found to lead to an error in water content of less
than 0.3% by volume. This was superior to the practice of
using a different calibration for each probe in each soil and
that of using a plastic block as a standard.

Even when only one probe is in use, frequent measure-
ments in a standard allow any change in the probe’s charac-
teristics to be identified. A well-designed and well-made
probemay prove to be very stable over long periods of time,

Fig. 7.21 Water drum standard.
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but unexpected changes to the standard count sometimes
occur for no apparent reason. This may be indicative of
an impending failure, but often there is no other symptom
other than a change in count rate. If the probe does fail and
needs repair, then usually a different count rate is found
after the repair than before. Hence the use of a standard
count allows readings from before the change to be com-
pared with those from afterwards.

Using standard counts
The usualmethod for using standard counts is to express all
measurements of count rate recorded in the soil as a ratio to
that of the standard count rate. This is usually termed the
count rate ratio, R/Rw, where R is the count rate in the soil
and Rw is that in the standard. The subscript, w, is used to
indicate that water is the preferred standard.

Random counting error affects standard counts in the
same way as counts within the soil. To avoid this having
an appreciable effect on the accuracy of measurements, it
should itself be as accurate as possible. The use of water
as the standard helps, since count rates are high, and this
reduces the proportional error (see Eq. 7.5.3). Using a long
counting time, or several successive shorter counts,

reduces the error further. If counts in the soil are made
for a time t and those in the standard for a time tw, then
the combined error as a result of random counting is:

R± σR
Rw ± σRw

ð7:7:2Þ

This can be written as follows:

R=Rwð Þ± σR=Rwð Þ
1 ± σRw=Rwð Þ ð7:7:3Þ

giving approximately:

R
Rw

±
σR
Rw

±
RσRw

R2
w

: ð7:7:4Þ

Combining the uncertainties in the usual way by adding
the squares and taking the square root, gives:

σ R
Rw

=
1
Rw

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2R +

R2σ2Rw

R2
w

s
: ð7:7:5Þ

Using σ2R = R=tð Þ from Equation 7.5.3, this gives:

σ R
Rw

=

ffiffiffiffi
R

p

Rw
ffiffi
t

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 +

Rt
Rwtw

s
: ð7:7:6Þ

If Rt is small by comparison with Rwtw, this is
approximately:

σ R
Rw

=

ffiffiffiffi
R

p

Rw
ffiffi
t

p 1 +
Rt

2Rwtw

� �
: ð7:7:7Þ

So if Rwtw is much greater than Rt, the error resulting
from random counting on the water count is small. Using
a water standard, Rw is usually at least twice R and quite
commonly three or four times as large. If we take Rw =
4R and tw = 25t, then the additional error resulting from
the standard count is only 0.5% of that resulting from ran-
dom counting on the count in the soil. However, if we are
interested in calculating the storage of water in the profile
and the storage is calculated from 10 measurements, then
the error resulting from random counting on the standard
count becomes 5% of that from counting in the soil; and
for 25 measurements, it is 12%, still acceptably low for
most purposes. For most routine use, therefore, standard
counts in a water drum should be at least 25 times longer
than counting times in the soil. This will ensure that errors
from the water count do not contribute significantly to the
resultant error from counting in the soil.

Some makes of neutron probe allow long count times to
be selected. It is easy, therefore, to set the probe on a water
drum and leave it to count for perhaps 30 or 60 minutes,

Fig. 7.22 Water drum. The transparent cover allows the water
level and clarity to be monitored. To prevent growth of algae,
the drum should be covered with an opaque lid when not in use.
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while the operator gets on with other jobs. Alternatively,
25 separate counts may be taken at the same count time
as used in the field and the average used. This has the advan-
tage that a check can be made that the standard deviation
is approximately as expected from Equation 7.5.3. If this
is not the case, then a malfunction of the probe should be
suspected and further investigations carried out, perhaps
making repair of the probe necessary before reliable
data can be collected. An easy way to check on the statistics
is to use some of the characteristics of the normal distribu-
tion. From this, we expect that 68% (about 2/3) of the read-
ings will be within one standard deviation of the mean, and
only about 5% will be more than two standard deviations
from it. For 25 readings, this would mean that about 7 are
expected to be more than one standard deviation away
and only 1 would be more than two standard deviations
from the mean.

7.7.2 Soil calibration

Several methods have been proposed to make soil calibra-
tions. They fall into three main categories: laboratory
methods, field methods and theoretical calculations. The
objective of calibration is to obtain as good an estimate
of the value of a and b in Equation 7.5.4 as possible.
A number of points should be recognised in this task.
• Equation 7.5.4 is an approximation to the real relation-
ship relating count rate ratio to volumetric water content.
In most instances, it is a very close approximation, but it
may fail over a very wide range of water content.
• Values of a and b are likely to vary from place to place
within nominally homogeneous soil. In particular, the
intercept value, b, is usually much more sensitive to the
dry bulk density of the soil than the slope value, a
(Couchat, 1967).
• Care must be exercised when dealing with soils having
distinctly different horizons. Each of these may need a dif-
ferent calibration (Greacen & Hignett, 1979). The use of a
common calibration for mineralogically different horizons
may produce highly misleading results. Sufficient data
should be collected and analysed for each horizon to deter-
minewhether a separate calibration should be applied. This
can involve some difficult judgements.
• It is unusual to obtain very high accuracy in soil calibra-
tion. An accuracy of 5% or better for the slope value, a, is
regarded as good.

Laboratory methods
In essence, laboratory calibrations rely on transporting a
large quantity of soil to the laboratory, packing it into a suit-
able container, taking readings with a neutron probe and
then determining the water content. The water content is
changed and a second set of neutron probe andwater content
measurements made. This may be repeated several times.
Variations occur with the methods used for packing, the
way in which water content is measured or calculated and

whether the soil is repacked in the container for each water
content.

The advantages of laboratory calibration are as follows:
• The same soil is used for each water content.
• Laboratory conditions are easier to control than those in
the field.
• Soil can bemixed to give a homogeneousmedium,which
is representative of the field, but avoids spurious differences
as a result of unexpected variations.
• The range of water content over which the calibration is
made can be controlled.
• Stony soils can be much more easily dealt with.

Disadvantages of laboratory calibration include the
following:
• A large mass and volume of soil is required (at least
1200 kg or 0.7m3, often much more).
• packing and repacking this amount of soil is very time
consuming and heavy work.
• It is difficult to repack soil to the same bulk density as
occurs in the field.
• Maintaining a uniform water content in the soil for long
enough to perform the calibration may be impossible,
particularly when wet.

A typical procedure would be as follows:
1 Identify in the field the soil horizon(s) to be calibrated.
2 Measure the dry bulk density of the horizon(s) and esti-
mate the range of water content over which the calibration
is required. This latter can be difficult, and it is probably
best to slightly overestimate, rather than underestimate
the range.
3 Collect sufficient soil from the field site to fill the con-
tainer to be used for calibration. This should have a mini-
mum dimension in any direction of 0.8m (1m if very dry
soil is to be used). The mass of soil will be at least 500 kg
and may be 1000 kg.
4 Spread the soil over a large area, so that it is nomore than
100mm thick and leave to dry. Mix daily to ensure even
drying.
5 When the soil is air dry, or at a uniform water content
at or below that at which the driest calibration point is
required, it is ready to be packed into the container. If
the soil is drier than is required, take small amounts
(approximately 10 kg at a time) of soil and mix with suffi-
cient water to bring it to the desired wetness. A small con-
crete mixer is useful for this operation. Spread the soil in
an even layer into the container and compact to the
desired bulk density. Then repeat for the next layer and
so on until the container is filled to the desired level. To
minimise water loss by evaporation, keep the soil (both
in the container and waiting to be put into it), covered
as much as possible. Compaction can be most efficiently
and reliably done by using a stiff metal or wooden plate
which will just fit easily into the container. A heavy
weight impacting the centre of the plate will compact
the soil. Alternatively, a vibrating hammer can be used.
Careful measurement of the mass of soil put into the
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container and the level of the surface will allow the bulk
density to be monitored.

If the soil contains stones, these should be incorporated
at the same time as the soil in as uniform way as possible.
Small stones are best mixed into the soil before it goes into
the container, while large ones can be incorporated by
hand into each layer of soil.

Sub-samples of soil should be taken at intervals to check
on water content, bulk density and their uniformity.
6 It is usually most convenient to place an access tube into
the correct position in the container before packing soil into
it. If this was not done beforehand, then install the access
tube now using the methods described in Section 7.3.
7 Now neutron probe measurements can be taken in the
access tube. Depending on the depth of soil in the con-
tainer, it may be possible to do this at more than one depth.
It is good practice to make measurements down the access
tube from close to the surface to near the bottom. This will
provide assurance that measurements are not affected by
proximity to the surface or the bottom of the container.
There should be a section of stable count rate of at least
400mm depth. If this is not the case, then more soil should
be added until this condition is met. Counts should be
taken for as long as practical, so that the random counting
error is as small as possible. In any case, the count rate
should be determined to give a standard deviation of the
count rate ratio, R

Rw= , better than 0.001 (0.1%). Provided
that Rw is known sufficiently well that we can ignore
any uncertainty in its value, compared with that of R,
the standard deviation of the count rate ratio is, using
Equation 7.5.3:

σ
R
Rw

� �
=
σR
Rw

=
1
Rw

ffiffiffiffi
R
t

r
: ð7:7:8Þ

The counting time to achieve a given precision of σ(R/
Rw) is then:

t=
R

Rwσ R
Rw

� �h i2 : ð7:7:9Þ

So the time required is proportional to R. If Rw is 1000
counts s–1 and the desired value of σ R

Rw= Þð is 0.001, then t
in seconds is numerically equal to R in counts s–1. So for
R = 100 counts s–1, t = 100 s; and if R = 400 counts s–1,
the counting time would need to be 400 s. It is recom-
mended that all counts be taken at the same count time,
which should be chosen to be that needed at the highest
expected count rate encountered during the calibration.
8 Four to six soil samples should be taken from immedi-
ately around the access tube at the depth(s) at which neu-
tron probe measurements have been made. These are
most conveniently taken using rings of about 50mm diam-
eter and 50mm high, sharpened at one end, as described in
Chapter 6. They can be taken while removing the soil from

the container, ensuring that the soil to be sampled has not
been disturbed during this operation.
9 A measurement needs now to be taken at one or more
higher water contents. This may cause some problems.

The simplest water content to achieve is at effective
saturation.Thismaynotbetruesaturation,asthereisusually
a fewpercentbyvolumeofentrappedair.However, it is likely
to approximate quite well to the situation in the field when
the soil is at saturation.Although the soilmay rarely ornever
reach this point, it has several advantages:

• The need for repacking of the soil again is avoided,
since water can be introduced into the already packed
container.
• The increase in water content can be measured accu-
rately simply by measuring the amount of water added
to achieve saturation.
• Provided that the containerwas packedwell in the first
place, so that it does not slump or otherwise change its
structure on wetting, the change in count rate recorded
by the neutron probe can be assigned fairly unambigu-
ously to a change in water content of the soil, as the
dry bulk density will not change. It is very difficult to
achieve the same dry bulk density when attempting to
repack soil at a different water content.
To saturate the soil evenly, it is best to introduce it at

the bottom of the container. This is facilitated if there is a
shallow layer of gravel in the bottom, separated from the
overlying soil by a geotextile or layer of coarse sand to
stop the soil penetrating the gravel. A sight tube on the
side of the container allows progress of the water level
to be monitored and corrections to be made for the
amount of water needed to saturate the gravel and sand
layers. By making a plot of cumulative water introduced
against water level in the sight tube, any inhomogeneities
in the packing should become apparent. To avoid disrup-
tion of the soil and excessive air entrapment, it is recom-
mended that the container be filled over a period of about
1 hour.

For some soils, it is possible to drain the container and
make another measurement at ‘field capacity’. There
needs, however, to be a sufficient depth of soil beneath
the measurement depth that this can be achieved over a
reasonable length of profile, since the base of the soil will
be at saturation when drainage stops. In practice, this lim-
its the use of a field capacity point to coarse-textured soils.
Determination of the water contentmust be done by grav-
imetric sampling as in Step 8.

To make measurements at other water contents, the
container must be repacked again. At water contents
higher than ‘field capacity’, the soil drains rapidly, and
so a uniform water content cannot be maintained.
Samples for gravimetric determination of water content
must, in any case, be taken as close to the time that the
neutron probe measurements were made as possible.

While very time-consuming, this method usually
produces very accurate results, at least for the particular
sample of soil in the container. As long as this is
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representative of the field soil, themethod hasmuch to rec-
ommend it.

Field methods
Most workers use field methods of calibration, which
avoid the difficulties of digging and transporting large
quantities of soil and handling them in the laboratory. In
essence, the procedure consists of taking neutron probe
counts in an access tube, followed by gravimetric sampling
of the soil at the same depth around the tube.

The advantages of field calibration are as follows:
• The calibration is performed on soil in its natural state
in situ.
• Water contents outside the natural range of variation are
not used in the calibration.
• Large amounts of soil need not be removed from the site.
• A large amount of effort need not be concentrated over
a short time period, but can be spread over a much
longer time.

The disadvantages are as follows:
• A good calibration relies on getting the full natural range
of water content over a year and so takes a long time to
collect enough information.
• The difficulties attending the collection of good
quality known volume samples (Section 6.3) mean
that the gravimetric water content data are frequently
very noisy.
• A suitable calibration for the soil is often not available
until well into a study because of the need to collect data
over a long time period.

There are several variants of the methodology in use.

Temporary access tube method In this method, an
access tube is installed in the ground specifically for
calibration. Once installed, a profile is measured with a
neutron probe to identify the most suitable depths for cal-
ibration. It is usually not wise to measure close to inter-
faces or where there are large gradients of water
content. Depending on the length of the tube, more than
one depth may be selected. A long count (or several
shorter counts) is made at each selected depth, as
described for laboratory calibration, to ensure that ran-
dom counting errors are negligible compared with those
resulting from the sampling procedure. Making the
counts will take only a short time compared with the rest
of the procedure.

Once counts have been taken, gravimetric samples are
collected from the soil surrounding the access tube as
described in Section 6.2. These should be from as close as
possible to the access tube and have a diameter and half-
height similar to that of the radius of the sphere of impor-
tance. This will ensure that the calibration samples contain
a large proportion of the actual soil that was measured by
the neutron probe. Large samples also minimise likely
errors (Section 6.4.1). More than one depth can be sampled
if the shallowest one is done first.

Removal of soil from guide tube method When an access
tube is installed, soil is removed from the guide tube and,
usually, discarded. This soil is expected to have awater con-
tent very similar to that surrounding the tube and so should
be suitable to use as a calibration sample. The access tube
can be used for routine monitoring after installation.
The main problems are that the volume of soil is quite
small – 238mL for a 150mm length of a 45mm diameter
tube – and it is very difficult to collect the soil occupying
a well-defined length exactly, particularly if the soil con-
tains stones.

Two approaches have been used.

1 COLLECTION OF AN ACCURATELY MEASURED VOLUME OF SOIL This
method aims to collect an accurately measured volume of
soil by ensuring that all the soil from a very well defined
depth range is captured. It uses a screw auger, which has
had two holes drilled in the stem, through which a peg
can be inserted, as shown in Fig. 7.23. The lower hole is
positioned so that the end of the auger is exactly level with
the end of the access tube, while the other is a short dis-
tance, say 150mm, above this. The end of the auger bit is
ground flat, so as to leave a flat surface at the bottom of
the access tube.

The technique is to insert a guide tube in the normal
way to 75mm above the depth at which the first calibra-
tion is required. Then, using the auger with the peg in the
lower hole, all the soil from within the guide tube is
removed and discarded (Fig. 7.23a). At this point, the
empty guide tube is positioned above undisturbed soil.
Then, soil is augered from below the guide tube, with
the peg in the upper hole, so that a hole of exactly 150
mm depth is made with the same diameter as the auger
(Fig. 7.23b). This soil is kept and placed immediately in
a plastic bag to prevent loss of water. The guide tube must
then be knocked down by exactly 150mm (Fig. 7.23c)
and the soil from within it augered out, with the peg
in the lower hole again, and added to that in the bag
(Fig. 7.23d). This should ensure that the soil in the bag
is that from a 150mm depth of soil of diameter equal to
the outer diameter of the guide tube.

The next 150mm depth can be sampled in the same
way, and the process is repeated to as great a depth as
required. After reaching the desired installation depth,
the guide tube is removed and an access tube inserted.
It is important then to make measurements with the neu-
tron probe immediately, so that the water content of the
soil does not change after sampling.

With care, the technique is capable of gathering samples
of well-defined volume. The likely problems are as follows:
• Loss of soil. It is important to be sure that no soil falls off
the augerwhile removing it from the guide tube and is lost.
Bell et al. (1987) used the method to take 40mm length
samples and fitted a bowl around the tube to catch soil.
The bowl is an insurance against losing soil.
• Drying out of the soil. The volume collected is fairly
small and has a large surface area, so that it is easily dried
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out. Shading the area fromdirect sunlight, transferring soil
quickly from the auger to the plastic bag and making sure
that collecting bags are kept sealed, except when putting
soil into them will help. If it is raining, the samples could,
of course, get wetter.
• Inaccurate volume of soil collected. Compaction of the
soil may occur if too large a depth of soil is excavated at
once. This may be avoided by taking the sample in two
tranches, each of 75mm.

To ensure that the guide tube is knocked down exactly
by the correct depth, it helps if rings are machined on its
outside, whichwill be level with the top of the ground pro-
tection plate. The ground protection plate must also be
secured firmly and operators avoid stepping on it, so that
it remains stable during the operation.

2 USE OF A GAMMA DENSITY BACKSCATTER DEPTH GAUGE

(SEE SECTION 6.5.4) This approach is simpler, but requires
a gamma probe. The technique has been described by

Haverkamp et al. (1984) and involves sampling the soil
from within the access tube, as for the method just
described. However, there is no need for accurate volumet-
ric sampling. The samples are used simply tomeasure grav-
imetric water content, which is then converted to a
volumetric basis by using a density measurement made
with the backscatter gauge, using Equation 5.1.10.

Normally, either of these two approaches will give only
a few points (often very close together) on a calibration
curve on each occasion. However, Haverkamp et al.
(1984) installed a lot of tubes at the same time and meas-
ured each one at several depths. This allowed them to pro-
duce a calibration curve from just one installation/
calibration session. The range of water content can bemax-
imised by choosing the right time of year, usually early in
a dry season or spring, when soil near the surface may be
dry, but that at depth is still wet. Care is needed to make
sure that all depths used have the same mineralogy
(Greacen & Hignett, 1979).

Fig. 7.23 Calibration by removing constant volume samples during access tube installation. (a) The hole is cleared to the bottom
of the guide tube using an auger ground to have a flat bottom surface. A pin through a hole in the auger stem locates the bottom of the
auger with the bottom of the guide tube. (b) The hole is deepened by 150mm, using the pin in a second hole in the auger stem to
define it. The soil removed is collected. (c) The guide tube is knocked to the bottom of the pre-drilled hole, collecting the soil shaved
from the sides inside it. Marks on the guide tube indicate the correct depth. (d) The auger again clears the hole to the bottom of the guide
tube and the soil from the bottom is collected. (See insert for colour representation of the figure.)
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Single access tube –multiple samplingmethod Van Vuu-
ren (1984) developed a technique for calibration which
required only one access tube, but neutron probe mea-
surements were made at different times and related to
gravimetric measurements at those times. To achieve
this, the gravimetric samples were taken from around a
circle of radius about 2m from the tube. The advantage
is that only one tube need be installed; but on the other
hand, spatial variability may introduce substantial noise
into the calibration relationship. Further, the repeated
gravimetric samplings must be done without appreciable
damage to the vegetation or soil surface close by, so
that soil water conditions at the tube or future gravi-
metric sampling points are unaffected by the sampling
operation.

Accelerated calibration The calibration process can be
accelerated by starting with a dry soil, taking neutron
counts and collecting gravimetric samples, then repeating
the process after irrigating the soil. Sharp wetting fronts
should be avoided, but calibration samples can be collected
when the soil has wetted and after initial drainage over an
hour or two has taken place and then again after several
days or weeks, when the soil has dried some more.

Steady irrigation method Carneiro and de Jong (1985)
introduced a calibration technique which did not involve
destructive sampling. They irrigated three confined soil
plots, 1.5m square, with 20mm increments of water and
made neutron probe measurements from a centrally
installed access tube. By plotting cumulative depth of water
applied against count ratio integrated down the profile,
they obtained a good estimate of the slope, a, in
Equation 7.5.4. Integration of this equation down to a depth
Z (1.2m in this case) gives:

ðZ
0
θdz =

ðZ
0
a
R
Rw

dz+bZ: ð7:7:10Þ

The plot is initially curved, as wetting occurs only
close to the surface and is thus affected by neutron escape
to the air, but then straightens out with a slope of a and
flattens off when the wetting front reaches the bottom
of the profile and water drains below depth Z. If there is
a change in soil properties at some depth, affecting the
value of a, then this would show up as a change in the
slope of the graph. Figure 7.24 shows the curves obtained
by Carneiro and de Jong (1985). Note that a and b in
Carneiro and de Jong’s (1985) paper represent b and a,
respectively, as used here.
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Fig. 7.24 Depth of water added to the profile plotted against count ratio integrated down the profile in three microplots reported
by Carneiro & de Jong (1985), figure 2. Note that for Plot B, the experiment was repeated with a higher initial water content in the
microplot (B2). Carneiro & de Jong (1985). Reproduced with permission of Lippincott Williams & Wilkins/Wolters Kluwer Health.
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If the area irrigated is sufficiently large, there is no need
for a confined plot, whichmakes themethodmuch easier to
implement. As a rule of thumb, the smallest distance from
the access tube to the edge of the plot should be at least
equal to the deepest depth monitored, Z. The method can
also be used with continuous irrigation, provided that it
is evenly distributed and its rate can be monitored accu-
rately, so that the cumulative amount of water applied at
any time is known.

Calculation of calibration constants
Usually, the result of either laboratory or field calibration
experiments is a set of pairs of values of volumetric water
content and count ratio. These are normally converted to
a calibration curve using linear regression. The relationship
obtained by regressing a series of y values upon their corre-
sponding x values usually yields a different relationship
from that when x is regressed on y. The variable upon
which the other is regressed (i.e. x when y is regressed on
x) is often called the independent variable. The implicit
assumption is that this variable is free of error and that
all uncertainties in the data are contained in the y or
dependent variable. The use of the terms independent
and dependent can cause a lot of confusion. In the present
case, one might regard the independent variable as being
the soil water content and count ratio as the dependent
one since changing water content will lead to a change in
count rate, whereas it is not possible to do it the other
way round. However, we can reduce the error in count ratio
to as small a value as we like, whereas measurement of vol-
umetric water content using the gravimetric method is
usually prone to considerable uncertainty. It seems appro-
priate, therefore, to calculate the calibration curve by
regressing volumetric water content on count ratio and
making this latter quantity as accurate as practical.

Greacen (1981), however, believed that this was incor-
rect and argued that there was likely to be more error in
values of count ratio because this quantity is influenced
by variations in the chemical composition of the soil which
are unknown. It is the contention in this book, however,
that, usually, the dominant errors are those in determining
water content and, therefore, that the calculation should be
made by regressing water content on count ratio.

Haverkamp et al. (1984) used short counting timeswhen
obtaining a calibration in a large number of access tubes
and took likely errors in both water content and count ratio
into account in a modified regression procedure. It is also
possible to include dry bulk density in the regression proce-
dure (e.g. Vachaud et al., 1977).

Theoretical methods
�lgaard (1965) first explained the neutron probe calibration
relationship using neutron diffusion theory with three
energy groups. This was built on by Couchat (1967, 1983),
Couchat et al. (1975), McCulloch and Wall (1976), Elder
and Rasmussen (1994) and Li et al. (2003a). The latter two

sets of authors used seven energy groups for greater accuracy.
By assuming that the soil is a homogenous mixture of the
atoms making up its composition, the relationship between
count rate and water content can be predicted quite well.
Hence if the chemical composition of the soil is known, a
calibration curve can be calculated. Unfortunately, several
elements which are expensive tomeasure and usually found
only in trace quantities in soil (e.g. boron, cadmium and gad-
olinium) have a large slow neutron absorption cross-section.
So even at low concentration, one of these elements can
have a large effect on the calibration equation. Couchat
et al. (1975) circumvented this by measuring the transport
and absorption cross-section of the dry soil directly. They
used a large neutron source in a 1m3 graphite block. The
method measures the change in neutron flux at the surface
and inside the block, when soil is introduced into a cavity.
This allows an estimate of the cross-sections to be obtained,
which can then be used to produce theoretical calibrations
for different probe designs, of the form:

R
Rw

= α+ βρdð Þθ + γ + δρd ð7:7:11Þ

where α, β, γ and δ are parameters derived from the theoret-
ical model.

In terms of the more familiar relationship (Eq. 7.5.4), the
calibration parameters are:

a =
1

α+ βρd
ð7:7:12Þ

b= −
γ + δρd
α+ βρd

: ð7:7:13Þ

Vachaud et al. (1977) tested the method against field-
measured calibrations and obtained good agreement
between them, lending confidence to the method and pro-
viding a workable methodology for neutron probe calibra-
tion in soils in which in situ calibration is difficult. For
several years, the French nuclear research centre at Cadar-
ache provided calibrations for soils from samples submit-
ted. Unfortunately, this facility is no longer available.
However, measurements of transport and absorption
cross-sections can be made by many organisations across
the world, and there seems no reason why these cannot
be used in much the same way. Elder and Rasmussen
(1994) compared calibration by chemical analysis of the soil
withmeasurement of neutron cross-sections using a graph-
ite block. Although the cross-sections using each method
differed substantially, there was little difference in the cal-
culated calibration curves, which agreed well with experi-
mental data.

Themodel of Li et al. (2003a)was used by Li et al. (2003b)
to investigate the effect of air gaps around an access tube on
the calibration relationship and to explore the effect of dif-
ferent access tube diameters. For the clay soil properties fed
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into the model, a 5mm air gap reduced count rate at
0.05m3m−3 by about 13%, increasing to about 37% at
0.35m3m−3. Larger gaps had a greater effect, although the
rate of reduction in count rate reduced. Water-filled gaps
had the opposite effect.

The Li et al. (2003a) model was also used by Huang and
Fityus (2008) and Fityus et al. (2011) to investigate the effect
of soil shrinking and swelling on the calibration curve. The
change in bulk density was found to preserve a linear rela-
tionship, but the presence of cracks caused it to be highly
non-linear and complex.

7.8 Measurements near the Surface

Problems caused by a sharp interface between two horizons
with different water content have been mentioned several
times earlier. Possibly, the most extreme case of a sharp
interface is the soil surface. The seasonal pattern of changes
is usually greatest in this region, making measurements
close to the surface important. However, spatial variability
is often maximised as well, meaning that a single measure-
ment or only a few may not be adequate to characterise an
area. Soil near the surface is usually richer in organicmatter
and may be different chemically in other ways from that
deeper in the profile, which presents yet another challenge
to accurate measurement.

Unlike at a sharp boundary deep in the soil, neutrons
crossing the soil–air interface cannot return, butwill escape
into the atmosphere. Several solutions have been proposed
to combat this and to improve the accuracy of near-surface
measurements, although none are completely satisfactory.

To understand the likely effect of measurement close to
the soil surface, a hypothetical pair of calibration curves,
comparing one for soil deep in the profile with one close
to the surface, is shown in Fig. 7.25. For dry soil, count rate
is very small for both surface and depth locations, hence
the difference between the two is small, even though

proportionally one may be much greater than the other.
As the soil becomes wetter, the difference increases ini-
tially and then decreases. The ratio between the near-
surface measurements and the deeper ones becomes
progressively closer to one as the size of the sphere of
importance reduces. At some point, the sphere of impor-
tance becomes small enough that there is no significant dif-
ference between the two count rates. At moderate depths,
say 150mm, this will be achieved at realistic water con-
tents of 35–40%, but at shallower depth may not be
observed in practice.

The overall effect is that, although a straight line calibra-
tion curve is a sufficiently good approximation to the true
relationship at depth, this is not the case close to the soil
surface and the relationship is distinctly curvilinear.

A number of strategies have been used to cater for the
special situation of making measurements close to the sur-
face. Some of the more common ones are described in the
following.

7.8.1 Objects placed on the ground

Threemethods reduce loss of neutrons from the surface and
increase the count rate by placing an object on the ground
surface. Because of the weight of the object, these are suit-
able only for bare soil or very short, robust vegetation, such
as short grass.

Surface extension unit
The surface extension unit (Hanna & Siam, 1980; Parkes &
Siam, 1979; Bell, 1987) is depicted in Fig. 7.26. It is a cylin-
der of soil, about 150mm thick and 500mm diameter, con-
tained within a circular tray, perforated at its base and kept
in a lined hole near the access tube. A central hole allows
the tray to be placed over the access tube, effectively
increasing the surface layer thickness. A reading at 100
mm depth, therefore, becomes effectively one at 250mm,
which is usually negligibly affected by the surface effect.

Fig. 7.25 Effect of the surface on neutron probe readings (a), and slope of the calibration curve (b).
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The soil in the tray is subject to all the same influences as
its surroundings, having the same vegetation, exposed to
the same weather conditions and being in contact with
the soil below through the perforated base. By these means,
the use of a surface extension unit should avoid the need to
make a special calibration for the surface layers.

The surface extension unit is suitable only for crops
whose roots do not extend below the depth of the tray.

Heavy metal reflector
Rather than use an extra layer of soil, the two other meth-
ods place a standard object on the ground surface around the
access tube. The heavy metal reflector is a cylinder of cast
iron or other heavymetal, which scatters neutrons escaping
from the ground surface, without their losingmuch energy.
Many return to the soil and hence are available for therma-
lisation, thus increasing the count rate (Marcesse, 1967).

Plastic reflector
Similar in use to the heavy metal reflector, the plastic ver-
sion thermalises neutrons as well as providing the opportu-
nity for them to return to the detector (Pierpont, 1966;
Arslan et al., 1997). Some workers use the plastic shield
of the neutron probe transport case in direct contact with
the ground as a convenient way to achieve this without
requiring any other special equipment. The shield is, how-
ever, quite small in diameter compared with the size of
most purpose-made reflectors and, in some designs, con-
tains a slow neutron absorber.

An alternative way to measure near-surface water con-
tent using a depth neutron probe is to lay the probe on

the ground surface beneath a plastic block (Chanasyk &
Naith, 1988). This mimics, to some extent, the surface
neutron probe.

7.8.2 Special calibration

Mostworkers use either a special calibration for the surface
layers or ameans of adjusting the count rate to take account
of the loss of neutrons. Development of a calibration rela-
tionship between probe count rate and gravimetrically
measured water content over a wide range is the most
straightforward approach. The procedure is almost identi-
cal to that used for calibration at depth (Section 7.7.2).
Three points are more important in the near-surface situa-
tion. The first two points stem from the fact that gravimet-
ric samples are, by necessity, of a size comparable to the
dimension of the sphere of importance.

Water content gradients are often much steeper and var-
iable in time close to the surface than deeper in the soil pro-
file. The same average water content over the depth of soil
captured by the sampler and within the sphere of impor-
tancemay, therefore, be achieved by a range of different dis-
tributions of water content. For instance, the same average
water content may be achieved by a more or less homoge-
neous distribution of water or by half of it being very wet
and the other half very dry, such as may happen when a
sharp wetting front penetrates into an initially dry soil.
These are quite different situations, and the neutron probe
is likely to produce a different count rate in each. There is,
therefore, a limit to the accuracy with which a single cali-
bration curve can represent the relationship.

Fig. 7.26 Surface extension unit. Left – in the ground between reading occasions. Right – in use over an access tube. (See insert for
colour representation of the figure.)
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Most commonly, neutron probe measurements are used
to measure the total water storage (or changes in it) over a
depth of profile, rather than to provide measurements at
individual ‘points’. A near-surfacemeasurement, therefore,
is usually required to provide an estimate of water storage
within the surface layer, from the ground surface to a depth
of a few centimetres. For instance, a reading at 100mm
depth may represent the water content from 0 to 150mm
depth (van Bavel & Stirk, 1967; Haverkamp et al., 1984).
The gravimetric samples, therefore, should cover thewhole
of this depth range.

The presence of the transport shield close to the surface
may also affect the neutron probe reading, particularly
if it contains hydrogen-rich material at its base, where
it will act to some extent as a plastic reflector – see
Section ‘Plastic Reflector’. The calibration must, there-
fore, be done under the same conditions as readings are
to be made later. A calibration developed for tubes with
a stick-up of 100mm may not be valid for one with a
stick-up of 200mm in the same soil.

7.8.3 Corrections to the normal (depth)
calibration curve

An alternative to developing a near-surface calibration
curve for each soil is to start with the normal calibration
curve, valid for measurement at depth, and to apply a cor-
rection to account for the surface effect.

Grant (1975) made measurements through the profile,
starting at the surface, down to 0.6m depth, which is suffi-
ciently deep to be unaffected by the surface. He then
removed the upper 100mm of soil and made a second set
of measurements at the same points. This produced a series
of ratios of count rate at each depth and at 100mm more
shallow. By multiplying these together, he could compute
the count rate that would have been obtained had the soil
been at 0.6m depth. He also made an approximate calcula-
tion of the dependence of these factors on water content by
using dry, coarse sand and water to represent very dry and
verywet soil. At 100mm, for example, the correction factor

for his soil fell from about 3.3 at 2.5% water content by
volume to 1.25 at 25% and 1.048 at 100%. At 200mm
depth, the corresponding correction factors were 1.8, 1.02
and 1.00.

Harris (1973) developed a set of corrections based on a
relationship between the radius of a ‘sphere of integration’,
r, and volumetric water content, such that:

r = rwθ−0:33 ð7:8:1Þ

where rw is the radius of the sphere of integration in water
(Glubrecht & Kühn, 1971). The sphere of integration is
taken as the depth at which there is no effect of the surface
(i.e. the correction factor becomes 1). Harris measured rw
as 90mm for his neutron probe. He also found that an
empirical relationship between the correction factor, C,
depth of measurement, z, and the radius of the sphere of
integration, r, of:

C =
r
z

� �0:4
ð7:8:2Þ

worked well.
This leads to a relationship between the correction fac-

tor, measurement depth and water content of:

C=
rw
z

� �0:4
θ−0:132: ð7:8:3Þ

The correction factors are different from those derived
by Grant (1975). At 100mm depth, Harris’s were 1.56 at
2.5% volumetric water content and 1.15 at 25%; while at
200mm depth, they were 1.18 and 1.0 at the same water
contents. Both Grant and Harris’s relationship for the soils
they used are shown in Fig. 7.27.Grant’s neutron probemay
have had a longer detector tube than Harris’s, and Harris’s
readings were taken with the plastic shield 150mm above
the soil surface. Both of these factors would be expected to
reduce the effect of the surface on the readings. Note that

Fig. 7.27 Calibration curves for near-surface neutron probe readings using the correction factors calculated by Grant (1975) and
Harris (1973).
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both sets of curves are reasonably straight, although the
form depicted in Fig. 7.25a is just discernible. Different soil
and neutron probe designs produce different corrections for
each method (see Parkes & Siam, 1979).

7.9 Processing and Use of Data

The basic data collected from a neutron probe are pairs of
depth and count rate values taken at a particular place
(access tube location) and time. Some designs of neutron
probe allow a calibration to be input to the counting unit
and to display and store values directly as volumetric
water content. It is strongly recommended that data
should not be stored in this way.The reason for this is that
should either the standard count or the calibration para-
meters need to be revised, it will be difficult or even
impossible to return to the raw data values and hence
recalculate revised values. Manipulation of data by com-
puter is such an easy task that very little effort is required
to calculate values of water content from raw data when
they are required, using the most up to date information.
Reliable standard counts for a probe are, in any case, often
not available until some time after collection of the
field data.

7.9.1 Standard counts

Standard counts are expected to vary very little over
short periods (Section 7.7.1), but cannot be ignored
completely. Handling it depends on the frequency with
which both standard counts and field measurements
are made.

If frequent standard counts are measured, then it should
be possible to construct a smooth relationship of standard
count against time over a period. The appropriate value
of the standard count for any particular occasion can then
be calculated from this. Usually, a simple linear regression
will suffice, but inspection of the data graphically will
reveal whether this is adequate. This procedure is prefera-
ble when the change over time is smaller than the precision
of measurement of individual standard counts. Using the
value closest in time to that of the field measurement
may result in moderate jumps in the standard count and
hence in water content, particularly when aggregated over
a profile and/or averaged over several access tube locations.
The random counting error (standard deviation) for a typi-
cal standard count in water of 900 counts s–1 taken over
30 minutes is 0.7 counts s–1 or the equivalent of 0.5mm
of water in a 2m soil profile with an average water content
of 0.3m3 m–3.

On the other hand, if field measurements are made
infrequently, it is probably more sensible to use a stand-
ard count determined close to the time of the field read-
ings and to ensure that this count is made with high
precision.

7.9.2 Calculation of profile water storage

One of the most important applications of the neutron
probe is to measure the amount of water stored within
the soil profile, either over a limited depth range or between
the surface and a specified depth. Since measurements are
made at discrete depths, these must be integrated over the
depth range required. Changes of storage over time are usu-
ally of more interest than a single measurement.

The neutron probe alreadymeasures water content inte-
grated over a fairly large volume (Section 7.1.5), and so a
sophisticatedmethod to estimate the integratedwater stor-
age is not justified. For most purposes, it is sufficient to
assume that the soil comprises layers, each having a uni-
formwater content equal to that at themeasurement depth
within that layer. Each layer extends frommidway between
the measurement depth and the one above and the one
below. Figure 7.28 shows this. It can also be seen from
Fig. 7.28 that the method yields an identical value to that
obtained by assuming a linear variation of water content
between adjacent depths, provided that the upper and lower
limits of the range are coincident with reading depths. This
is because the layer method alternatively under- and over-
estimates water storage in each half-layer and these cancel
one another out. The shaded triangles shown in Fig. 7.28
demonstrate this. Integration assuming a linear variation
from one measurement point to the next is called trapezoi-
dal integration.

In practice, there is a difficulty associated with this
method, since integration right up to the soil surface is usu-
ally required. It is usual to assume that all of the soil above
the shallowest measurement depth is characterised by that
measurement. If the probe has been calibrated for the shal-
lowest depth assuming that it characterises the soil right up
to the surface (Section 7.8.2), then this should reduce any
error from this cause. Similarly, estimates of water storage

Fig. 7.28 Equivalence between layer and trapezoidal integration.
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toadepthnotcoincidentwithameasurementmaybeneeded.
It is recommended that, if possible, measurement depths
should be chosen such that one coincides with the bottom
boundary of the range required; but if that cannot be done,
no great error is likely to arise by extending the bottom layer
below the deepest reading depth by a modest amount.

More sophisticated integration schemes, such as Simp-
son’s rule (Haverkamp et al., 1984) can be used. It is very
questionable whether there is any advantage in this.

Errors in estimating profile water storage and
its change over time
The only reasonably quantifiable source of random error in
measuring water content at an individual depth is random
counting error. To apply this to profile water storage, we
will use the integration method described above, with N
layers, labelled from 1 to N.

The ith layer has a thickness ofdi, a volumetricwater con-
tent of θi and, therefore, awater storage,Wi of θIdi. Assuming
no error in the layer thickness, di, the likely error in Wi is:

σWi = σθidi =
adi

Rw

ffiffiffiffiffi
Ri

ti

s
, ð7:9:1Þ

where σθi is taken from Equation 7.5.5.
Now for all N layers, the total water storage, W, is the

sum of that in all the individual layers:

W =
XN
i=1

Wi =
XN
i=1

θidi =
XN
i=1

a
Ri

Rw
+b

� �
di, ð7:9:2Þ

but the likely error is calculated by taking the square root of
the sum of squares of the individual errors:

σW =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXN
i=1

σ2Wi

vuut =
a
Rw

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXN
i=1

Ridi
2

ti

vuut : ð7:9:3Þ

Equation 7.9.3 allows for different count times and layer
depths through the profile. It is quite common practice to
have different layer depths in a profile, spacing them further
apart at greater depth, but the counting time usually
remains constant. To understand this equation, we will,
for simplicity, assume that all counting times and
layer depths are equal, given by t and d respectively.
Equation 7.9.3 then becomes:

σW =
ad
Rw

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXN

i=1
Ri

t

s
: ð7:9:4Þ

As we found for an individual reading, the likely error
is proportional to the square root of the total number of

counts and inversely proportional to the square root of
the count time. Equation 7.9.4 can also be written as
follows:

σW =
ad
Rw

ffiffiffiffiffiffiffiffi
N �R
t

s
=dσ�θ

ffiffiffiffiffi
N

p
: ð7:9:5Þ

where
�R is the average count rate down the profile and
σ�θ is the standard deviation of the average water content in

the profile, according to Equation 7.5.5.
The total profile depth, D = Nd, so:

σW =
σ�θffiffiffiffiffi
N

p D: ð7:9:6Þ

Therefore, the likely error in total water storage as a
result of random counting error is proportional to the total
profile depth and the random counting error of the average
water content, but inversely proportional to the square root
of the number of depthsmeasured. Closely spaced readings,
therefore, (large N) reduce the contribution of random
counting error to the overall total.

As an illustration, take as an example a profile of depth
2m, an average reading, �R, at each depth of 300 counts s–1,
Rw = 900 counts s–1, a = 0.9, b = –0.01 with a count time of
60 s, giving �θ = 0.29 and σ�θ = 0.0022 (from Eqs.7.5.4 and
7.5.5). The total water storage over this 2m (2000mm) is,
therefore, 2000 × 0.29 = 580mm. If the profile is read at
200mm intervals, then 10 measurements will be needed,
so that the overall uncertainty in total water storage, σW,
as a result of random counting error is, from

Equation 7.9.6,
0:0022 × 2000ffiffiffiffiffiffi

10
p = 1:4 mm. For more closely

spaced readings, say 100mm, N = 20, and σW reduces to
1.0mmand at 50mm spacing, σW becomes 0.7mm (i.e. half
the value at 200mm spacing for four times as many
readings).

We can extend this analysis to estimate the likely
error in estimating changes of water storage between
two reading occasions, similarly to Section 7.5.2. The
standard deviation of estimate of changes in water con-
tent at a single depth is given by Equation 7.5.8. This is
the same as the standard deviation of a single determina-
tion multiplied by the square root of two. It follows that
the standard deviation of estimates of change of water
storage over a depth, D, can be derived from Equation
7.9.6 as follows:

σ W2−W1ð Þ=
ffiffiffi
2

p σ�θffiffiffiffiffi
N

p D: ð7:9:7Þ

Effect of profile depth Equation 7.9.6 shows that increas-
ing the depth of profile measured increases the uncertainty
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in total water storage. If the number of reading depths, N,
remains the same for different profile depths, D, then σW
increases in proportion to D (and W). If, on the other hand,
different depth profiles are measured at the same spacing,
then N will increase in proportion to D and the overall
value of σW increases proportionally to √D or √W. In this lat-
ter case, however, the proportional uncertainty reduces
approximately as 1/√D or 1/√W.

Often, readings are made with increasing spacing for
deeper depths. This ensures that the much larger changes
near the surface are measured with better depth resolution,
yielding not only better detail in this region but also smaller
errors arising from under-sampling within this depth range.
A typical set of measurement depths, as used by Cuenca
et al. (1997a), is a depth spacing of 100mm for measure-
ment depths from 0.1 to 1.0m and 200mm below this to
a total depth of 3.6m.

The use of unequal depth spacings produces a small
increase in the likely random counting error for the water
content of the whole profile. Typically, this will be a few
percent compared with using the same depth spacing over
the entire profile and the same total number of reading
depths. In most cases, this is likely to be outweighed by
the increased accuracy resulting from better resolution of
water content (and its change) in the depth range where
it varies most.

Effect on change in water storage The likely error in the
change of profile water storage between two occasions is
given by Equation 7.9.7. If the approximation used in the
expression (7.5.8) is acceptable, that is water content is sim-
ilar on each occasion, then the likely error in assessing the
change in water storage between two occasions, in the
more general case of a non-uniform profile, is just √2 times
that of the likely error in a single determination.

In many profiles, changes in water content over time
become very small below a certain depth. Indeed, if there
is a water table within the depth range of the access tube,
it should not change below the deepest depth that the
water table reaches. In such cases, the random counting
(and other) errors below the maximum water table depth
contribute to the overall noise in measurements of water
storage change and degrade the precision of those mea-
surements. There is, however, a balance to be struck
here. In some profiles, small water content changes over
a large (several metres) depth range contribute a signifi-
cant proportion of the change in total water storage.
Depending on the application, this may or may not be
important and a too hasty decision to discontinue deep
readings may lead to significant underestimation of water
content change in the profile as a whole (e.g. Calder
et al., 1997).

7.9.3 Data processing

If only small quantities of data are being collected, datamay
be processed efficiently on paper using hand calculations

or a simple calculator. The equations are simple and the
most complicated function required is the square root.
Most workers, however, use a computer and many ratesca-
lers incorporatememory to store the readings, which can be
transferred easily into a computer, saving time and, perhaps
more importantly, reducing the chance of errors caused by
transcribing numbers from field sheets.

Data can be processed easily on a computer using a
spreadsheet program. This provides a flexible way to enter
data; perform checks for data integrity; transform the raw
data into water content and water storage, together with
their changes and likely errors; combine the neutron probe
data with other measurements, for example rainfall and
tensiometer measurements; and display the results graphi-
cally in a variety of ways, including variation by depth
and time.

The use of formulae and simple macros allows the
spreadsheet to be customised to suit almost any application
and for changes to be made to accommodate new demands.

Whatever the method used to process the data, good
practice demands that the following information be
recorded:
In the field

• Location of the access tube
• Date and time of reading
• Person making the readings
• The integration time used
• Ground conditions (e.g. wet, dry and snow-covered)
• Any special relevant information which would aid in
interpretation of the data (e.g. height of crop or damage to
the site or equipment)
• The sum of all the readings made (see the following text)
In the office

• Date of data entry
• Person entering the data and/or making the calculations
• The sum of the readings (see the following text).

A table suitable for processing data for one access tube is
shown in Fig. 7.29. This can be implemented either as a
paper form for manual processing or as a spreadsheet. It
can be extended easily to accommodate either readings of
multiple tubes on the same occasion or readings of the
same tube on different occasions. If processing is done by
hand, then the same form can be used to record the field
readings and the result of calculations, thus avoiding labo-
rious copying and transcription errors.

Much of the information can be pre-filled onto the form;
and if the processing is done on a spreadsheet, formulae can
be stored in protected cells for all calculated quantities.
Data entered are the site, tube, date, time, probe, ratescaler,
crop, ground condition, observer, standard count, the depth
gauge readings, the neutron probe readings, the sumof read-
ings (see the following text) and notes, both from the
field form and subsequent information. The basic data
applying to each tube (reading depths and calibration codes)
and the calibration constants can be obtained from look-up
tables. Each calibration code refers to a pair of slope (a) and
intercept (b) values. For instance, in Fig. 7.29, the 10 cm
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depth uses a specific near-surface equation for the soil,
referred to as 8, with a slope of 0.851 and intercept value
of –0.004, while the soil down to 70 cm has a calibration
code of 1 with different constants. Below this, there is a
change in soil composition and the calibration line changes
to one with a code of 3.

Data integrity
Whenever data are recorded, it is important to check for
plausibility (i.e. do I believe this?) and to be aware of ways
in which errors may creep in. One of the most common
errors is in writing down a number. It is very easy, for
instance, to write down 563 as 536. The more times that
numbers are copied, the more likely that this sort of error
will occur. It is, therefore, advisable to minimise the num-
ber of times that numbers are copied fromone piece of paper
to another (or entered into a calculator or computer). When
this is unavoidable, a simple safeguard is to add up all the
figures in a column.Adding up the same column in the tran-
scribeddata, the twocanbe compared andwill be different if
an error has occurred. It is, of course, essential that the two
sets of additions are done independently of one another. For
this reason, the sum of readings should be entered into the
appropriate cell on the form. The computer calculates the
same sum and, if the two match, then it displays ‘OK’ in
the next cell. If not, a message can be displayed, asking
the user to check the adding up on the field sheet (NOT that
entered onto the data processing form!) and/or the data
entered from the field sheet. This method is not entirely
foolproof – for instance if 563 had been written as 536 and
447 had been written as 474, the two would cancel out,
but this will happen extremely rarely.

Other problems can arise from recording the wrong
access tube identity, recording the depth(s) incorrectly
and from equipment malfunctions.

The most powerful checks to reveal data problems are
graphical display of the data, both by depth and time. The
example form, shown in Fig. 7.29, has a space for plotting
the calculated water content as a function of depth. This
is usually quite similar from one reading occasion to
another. Plottingwater content at a particular depth against
time is expected to show a relatively smooth variation. Sud-
den jumps in the data, either up or down, particularly when
they revert to the expected pattern on later reading occa-
sions, suggest a reading error. It is important not to dismiss
suchdiscrepancies tooquickly,however, as theymay reflect
real variations of water content resulting from a variety of
causes. Theremay be several of these. Preferential flowphe-
nomena can cause rainwater to penetrate deep into the soil,
bypassing the upper layers. Water table movements may
also cause large and rapid changes of water content deep
in the profile, unrelated to behaviour near to the surface.
A poorly-fitting access tube may allow water to run down
the gapwhen it rains, leading to a real, but spurious, increase
inwater contentwhere there is better contactwith the tube.

There are too many other possible causes of unexpected
change in water content to list here. Some of these reflect

real hydrological processes, while others result from less
than ideal experimental conditions. Experience shows
that checking for data integrity, usually known as quality
control, is an ongoing process, extending throughout
the time that the data is used. New ways of looking at
the data often reveal unexpected discrepancies, which
frequently require checking against the original records
or notes written when the readings were made.

For this reason, it should be a cardinal rule of any envi-
ronmental investigation NEVER to destroy the original
data, whether these be handwritten or automatically
recorded by some form of logger, and to keep all notebooks
and field records.

7.10 Cosmic-Ray Soil Moisture Observing System1

Cosmic-Ray Soil Moisture Observing System (COSMOS)
also relies on neutron thermalisation to provide measure-
ments of soil water content in the upper 0.1–0.7m of soil.
There are significant differences from the use of a neutron
probe, however:
• The fast neutrons arise naturally from cosmic rays
arriving in the Earth’s atmosphere.
• The method is non-invasive, with monitoring taking
place above the ground surface and no equipment installed
beneath the surface.
• Neutrons detected by the system decrease with higher
soil water content.
• Continuous, unattended monitoring is not only possible,
but at the heart of the system.
• No artificial radioactive source, and so no burdensome
radiological protection regulations are needed.
• The signal arises from an area of a few hundred metres
around the monitoring station.

At the time ofwriting (Autumn2014), theCOSMOS sys-
tem consists of an array of over 100 soil water monitoring
stations distributed principally throughout the continental
United States, with at least one each inCanada, Austria and
France, and a network of 14 stations in Australia (http://
cosmos.hwr.arizona.edu/). There is a rapidly expanding
network in the United Kingdom with currently 20 moni-
toring stations managed by the Centre for Ecology and
Hydrology (www.ceh.ac.uk/cosmos/). There is a growing
network of COSMOS probes associatedwith the Terrestrial
Environmental Observatories (TERENO) network in
Germany (http://teodoor.icg.kfa-juelich.de/overview-de).

The principle of operation of the cosmic ray probe is
similar to that of the neutron probe, but the originating
source of high-energy neutrons is cosmic rays. The foot-
print of the signal of reflected neutrons ismuchmore exten-
sive than any other soil moisture measurement system
discussed in this text and is dependent on soil moisture
conditions, particularly in the vertical direction. It is

1This section is a contribution of Professor Richard Cuenca of Oregon State
University.
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envisaged that output from the COSMOS network will be
integratedwith Critical ZoneObservatories (CZOs) (http://
criticalzone.org/national/), atmospheric boundary layer
simulation models, AmeriFlux network sites (http://amer-
iflux.ornl.gov/), and with test sites for related projects,
for example the NASA AirMOSS remotely sensed soil
moisture sensor development project (http://airmoss.jpl.
nasa.gov/).

7.10.1 Theory of application of cosmic rays

The top of the Earth’s atmosphere is continuously bom-
barded by high energy cosmic rays which produce second-
ary cascades of energized particles. The Hadronic Cascade
gives rise to high energy neutrons and protons which can
penetrate the Earth’s atmosphere and continue to the sur-
face. The actual number of particles reaching the ground
surface depends on the energy and type of incident cosmic
ray and elevation of the site. The number of high energy
particles reaching the ground fluctuateswidelywhichmust
be accounted for in the probe design.

Of the fast neutrons that reach the ground surface, those
which collide with a particle of similar mass lose energy in
the collision and can be counted by a detector for slow neu-
trons, as described in Section 7.1 for the standard neutron
probe. As will be described later, this is not the same
case for the COSMOS probe system. The major source of
hydrogen ions on the Earth’s surface is that associated with
water molecules. It should be noted that the number of
water molecules detected by the cosmic probe is all of
the molecules in the probe zone of influence including
those in vegetation, surface water, ice and snow. So the
neutrons detected by the cosmic probe are not just those
associated with soil water content. We will see that there
are advantages and disadvantages to this phenomenon.

The spatial extent of soil (and vegetation) moisture
monitored by a cosmic probe is muchmore extensive than
any other method discussed in this text and depends on
the probe height above the ground. In the typical design
for a COSMOS probe discussed in the next section, the
zone of influence is a circle 335m in radius (Zreda et al.,
2008; Desilets and Zreda, 2013). The depth of the zone
of influence is basically dependent on the soil water con-
tent and to a lesser extent on soil organic carbon and soil
bulk density. Drier soils have a greater depth monitored at
the centre of the sample volume due to there being fewer
water molecules to slow down the neutrons. Typical
depths monitored by the COSMOS probe at the centre
of the zone of influence range from 0.1 to 0.7m (Desilets
et al., 2010; Zreda et al., 2008, 2012; Franz et al., 2012).
The depth monitored goes to zero at the edge of the zone
of influence.

7.10.2 Design and components of the COSMOS probes

A COSMOS probe is shown in the centre foreground of
Fig. 7.30 at a NASA AirMOSS project site, Tonzi Ranch,

where an AmeriFlux eddy covariance flux tower (see
Section 24.3.2) and an AirMOSS soil profile monitoring
installation are also located. As seen in the photo, the COS-
MOS installation includes a solar panel and enclosure for a
micrologger, additional sensors and electronics. Additional
sensors are needed to adjust for environmental conditions
including barometric pressure, atmospheric humidity and
temperature (Rosolem et al., 2013). The datalogger can nor-
mally support other sensors such as precipitation gauges
and other types of localised soil water sensors. Other adjust-
mentsmust bemade for variations in the incoming neutron
flux due to changes in solar activity and elevation of the
site. Remote data retrieval options include satellite and cell
phone network downloads.

The two vertical cylinders shown in the photo house the
neutron detectors. In one configuration, neutrons are
recorded with 3He-filled proportional counters with differ-
ent energy sensitivities. Neutrons in the fast to epithermal
range can be recordedwith a detector surrounded by 25mm
of low-density polyethylene and a 0.5mm thick outer layer
of Cd shielding. Epithermal neutrons can be recorded by
detectorswith 0.5mmofCd shielding, while slowneutrons
are recorded using an unshielded detector. A calibration
curve for soil water content determined by fitting ground-
level fluxes generated by the MCNPX simulation code
(Pelowitz, 2005) was derived as follows:

θ Nð Þ = a0
N
N0

� �
−a1

−a2: ð7:10:1Þ

where
θ(N) is the volumetric soil water content;
N is the neutron count rate normalized to a reference
atmospheric pressure and solar activity level;

Fig. 7.30 COSMOS probe in centre foreground at Tonzi Ranch,
California (USA). AmeriFlux eddy covariance tower is seen in
background at left and NASA AirMOSS soil profile monitoring
station is shown in background at right. Photograph by Richard
Cuenca. (See insert for colour representation of the figure.)
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N0 is the neutron count rate over dry soil under the same
reference conditions and

a0–a2 are fitting parameters.
Note that, unlike the neutron probe, there is an inverse

relationship between the neutron count rate and the soil
water content (or in fact total hydrogen present) for the
COSMOSprobe. This is because theCOSMOSprobe sensor
measures the faster neutrons which have not been slowed
down by collision with the hydrogen molecules.

The effective depth measured is a strong function of
the volumetric soil water content and is given by Franz
et al. (2012, 2013) as follows:

zeff =
0:058

ρd
ρw

τ + SOCð Þ + θ + 0:0829
, ð7:10:2Þ

where
zeff is the effective measurement depth (m);
ρd is the soil dry bulk density (kgm–3);
ρw is the density of liquid water (kgm–3);
τ is the weight fraction of lattice water in themineral grains

and bound water and
SOC represents the soil organic content (kg of water per kg

dry minerals).
The 0.058 (m) represents the 86% cumulative sensi-

tivity depth of low energy neutrons in liquid water and
0.0829 is controlled by the nuclear cross-section of SiO2.

7.10.3 In situ COSMOS probe calibration

A major difficulty in application of the COSMOS probe is
obtaining calibration data to convert the neutron count
rate to volumetric soil water content. Collection of
samples for measuring volumetric water content by the
gravimetric method is covered in Chapter 6, and the prin-
ciples of calibration are similar to those described in
Section 7.7.2 for the neutron probe.

Franz (2012) has put together a calibration manual for
the COSMOS probe based on his experience in making
installations at 35 sites. The key concept is that the sam-
pling grid must be representative of the volume monitored
by the COSMOS probe, which decreases exponentially
with distance from the counter. This has been accom-
plished using the sampling grid indicated in Fig. 7.31.
A total of 18 sample locations are monitored in 50mm
increments over a total depth of 300mm (a total of 108 sam-
ples). As indicated in the figure, the sample locations are
every 60� and at radii of 25-, 75- and 200m. Using this
set-up, each sample location is given equal weight within
the volume sampled by the probe. Each sample is analysed
for gravimetric soil water content, bulk density and, finally,
volumetric soil water content. The results are then applied
in Equation 7.10.1 to determine the regression coefficients,
a0, a1 and a2.

Since the COSMOS probe measures all the water
within the footprint of the probe, Franz (2012) indicated

that samples should be taken to determine the lattice water
content contained in the mineral structure of the soil. The
analysis must be done in a laboratory. Since the lattice
water content does not vary significantly within the foot-
print of the COSMOS probe, it is recommended to take four
samples. The first three are taken at three different radii and
in three different directions, and the fourth is a composite
sample. The recommended procedure is described in
Franz (2012).

7.10.4 Sample results

The data from the COSMOS sensor are normally displayed
as two graphs, one for the volumetric soil water content
over time and the other for the effective measurement
depth over time. These two parameters are inversely
related as shown in Equation 7.10.2, the higher the soil
water content, the shallower the effective measurement
depth. An example for the Metolius, Oregon AmeriFlux
and NASA AirMOSS site for 2013 is shown in Fig. 7.32.
Note that the soil water content values (Fig. 7.32a) early
in the year appear to be too high for this highly volcanic soil
anddonot agreewith theAirMOSS soilwater sensorswhich
indicate a maximum value of approximately 0.32m3 m–3

early in the year (Fig. 7.33). This may be due to the fact that
the COSMOS sensor captures all of the water within the
footprint of the sensor, including snow. The soil tempera-
ture data plots indicate a suppressed diurnal soil tempera-
ture signal, which is characteristic of snow cover until
approximately DOY 074 when this plot indicates that the
snow melts off (Fig. 7.34).

Fig. 7.31 Sampling grid for calibration of COSMOS probe
(Franz, 2012). Gravimetric sample locations are shown as bold
black , six 5-cm deep samples per location. From Franz
(2012). Reproduced with permission of T. Franz.
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Fig. 7.33 Volumetric soil water content for seven depth layers from NASA AirMOSS soil profile monitoring station (using Decagon
5-TE dielectric probe) at AmeriFlux Metolius site, Oregon (USA) for 2013. Precipitation captured in 15-min intervals on right-hand side
y-axis. (See insert for colour representation of the figure.)

Fig. 7.32 (a) Retrieved volumetric soil water content from COSMOS probe at AmeriFlux Metolius site, Oregon (USA) for 2013.
(b) Effective measurement depth for COSMOS probe at same site for 2013.

87Neutron Scattering

FOR REFERENCE PURPOSES ONLY



The effective measurement depth (Fig. 7.32b) is seen to
vary from a low value of approximately 0.07m to a high
value of approximately 0.25m throughout the year, based
on the values of soil bulk density, soil organic content, lat-
tice water content and soil water content (in fact, total
water content) as shown in Equation 7.10.2. The range of
the effective measurement depth over limited time steps
is surprising but is basically the effect of the variation in soil
water content with time, since the other parameters in
Equation 7.10.2 are assumed constant. The results, in fact,
demonstrate a moving range of effective measurement
depth with time.

The key point to recall is that the COSMOS sensor has a
footprint in the range of 300m in radius and 0.3m deep. No
other soil water content sensor system currently deployed
has such an extensive footprint.

7.10.5 Issues requiring further attention

One of the major difficulties, and surprisingly advantages,
in application of the COSMOS data was indicated in the
previous section. The COSMOS sensor picks up all of the
water within its footprint, including intercepted water on
leaves after rainfall or, as discussed earlier, the water in

snow on the soil surface. This confuses the soil water con-
tent signal, but at the same time can be advantageous when
considering intercepted rainfall or snow on the soil surface.
To explain, before a rainfall event there is a signal for stored
water content in the COSMOS sensor footprint which does
not include interception. After the rainfall event, the signal
includes interception. But after a relatively short amount of
time, the intercepted rainfall will evaporate and the COS-
MOS signal will be more stable. Therefore, the equivalent
depth of intercepted rainfall can be quantified from the
COSMOS data. A similar case can be made for the effects
of snow seen in the previous section. It is clear from the
diurnal soil temperature signal in Fig. 7.34 when there is
snow on the soil surface and when it melts off. The differ-
ence in the COSMOS total water signal between these con-
ditions can be used to determine the snowwater equivalent
(SWE) depth over the soil surface. Limited work has
been done to exploit these aspects of the COSMOS data
series.

The use of the COSMOS sensor in agricultural fields is
more problematic, since the water stored in plant tissue
during the growing season is detected by the COSMOS
sensor as soil water (Hornbuckle et al., 2012). Hornbuckle
et al. (2012) show a potential correction to the neutron

Fig. 7.34 Soil temperature for seven depth layers from NASA AirMOSS soil profile monitoring station (using Decagon 5-TE dielectric
probe) at AmeriFlux Metolius site, Oregon (USA) for 2013. Periods of dampened diurnal fluctuation are evidence of snow cover over
the soil profile. (See insert for colour representation of the figure.)
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count rate over dry soil, N0, in Equation 7.10.1, to account
for this significant effect. However, this correction is
non-linear over the growing season, and there appear to
be hysteresis effects late in the growing season. Baatz
et al. (2014) carried out calibration of ten cosmic-ray probes
of the TERENO network under humid climate conditions
in the Rur catchment in western Germany. Three calibra-
tion methods were tested; and while they performed simi-
larly well in validation, there were distinct differences in
the results in this humid climate with various degrees of
vegetation density. No doubt additional work will be car-
ried out on this topic and perhaps, as indicated for inter-
cepted rainfall and snow cover, advantages will be found
for applications of the COSMOS data signal. An example
of developments in this direction is the direct relation of
neutron flux density to aboveground biomass observed by
Franz et al. (2013).

7.11 Radiological Safety

Neutron and gamma ray probes contain small radioactive
sources, which are a hazard to operators and other persons
close by. The size of the sources used is sufficient that
measures must almost always be taken to comply with
radiological safety legislation in whatever country the
apparatus is used. These vary across the world, but the gen-
eral principles are almost universally the same and are
based on a few internationally recognised sets of regula-
tions and principles. A fairly recent development takes
account of the international terrorist threat, with increas-
ing emphasis on security of the material alongside protec-
tion of individuals.

Everyone is exposed to radiation in everyday life, from
natural and artificial sources in the environment and from
other activities not normally associated with a radiation
hazard. The earth is constantly bombarded by cosmic rays
from space. This exposure is greater at higher altitudes,
where the earth’s atmosphere is thinner, and at higher lati-
tudes, where the earth’s magnetic field deflects charged
particles less easily. Steady background radiation also
emanates from rocks beneath the ground surface. In some
areas, particularly where granite predominates, this can be
quite significant and the natural dose experienced by inha-
bitants can be at least as high as many workers in the
nuclear industry receive. In the late 1950s and early
1960s, atmospheric testing of nuclear bombs caused signif-
icant radioactive ‘fallout’, to which all inhabitants on
earth were exposed. Fallout is now very much reduced,
although not entirely eliminated. Civil nuclear power sta-
tions emit small amounts of radioactive material into the
atmosphere, as do some other industrial, medical and
research activities. The Chernobyl accident in Ukraine
in 1986 contaminated not only extensive areas of Ukraine,
Belarus and Russia, but large parts of western Europe,
albeit much less heavily. Many everyday activities, not
generally associated with carrying a radiation risk, can

result in significant radiation doses. These include moun-
tain climbing and aircraft travel as well as medical expo-
sures, such as X-ray examinations or radiotherapy.

Radiation exposure from using neutron or gamma
probes is additional to that received from these other
sources.

7.11.1 Nature of radiation

The term radiation covers any kind of energy transmitted
without a physical connection between the transmitter and
receiver. Themain forms are electromagnetic radiation and
moving (usually subatomic) particles.

Electromagnetic radiation occurs over an extremely
wide range of frequencies and wavelengths, from below
that at which alternating current power is distributed (50
or 60Hz; 6000 or 5000 km), through radio waves (100 kHz
to 3GHz; 3000m to 100mm), microwaves (3–300GHz;
100–1mm), infrared (300GHz to 400 THz; 1mm to
700 nm), visible light (400–750 THz; 70–400 nm), ultra-
violet light (750 THz to 30 PHz [30 ×1015 Hz]; 400–10
nm), X-rays (30 PHz to 30 EHz [30 ×1018 Hz];10 nm to
10 pm [10 ×10–12m]) and gamma rays (above 30 EHz – below
10 pm). Although there are possible health hazards associ-
ated with very low-frequency waves and higher frequency
radio waves (as used in mobile phones, for instance),
health risks are associated mainly with exposure to
higher frequency ultra-violet radiation and beyond. The
relation between photon energy, E, and frequency, ν, is as
follows:

E=hν, ð7:11:1Þ

where h is Planck’s constant, 4.135 × 10–16 eV s.
Thus, the higher the frequency (or smaller the wave-

length) of the wave, the more energetic the photons and
the greater the potential for causing damage in biological
tissues.

There are several types of particle radiation.Alpha radi-
ation is composed of helium nuclei (two protons and two
neutrons), which are particularly stable and released in
many nuclear disintegration events. Alpha radiation pene-
trates material very poorly, so that shielding it is easy. The
main biological hazard is through internal exposure as a
result of inhalation or ingestion.

Beta radiation is composed of energetic electrons,
another common product of nuclear disintegrations. Beta
particles penetrate more deeply than alpha particles, but
are still relatively easy to shield. They are not commonly
encountered in soil water work.

Gamma rays are electromagnetic radiation of high
energy (≳50 keV). Because of their high energy, they are
usually treated more conveniently as particles than as
waves. Gamma rays are highly penetrating; the higher
the energy, the greater their penetrating power.

Neutrons are uncharged particles found in atomic
nuclei. Because they are uncharged, they can penetrate
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deeply into material, as they do not interact with electrons
in the material.

Other forms of particle radiation are protons and heavy
particles – fragments of atomic nuclei.

7.11.2 Biological interactions

Radiation can damage biological systems in various ways,
not all of which are fully understood. The main ones, how-
ever, are as follows:
• Burns – very similar to burns from heat. The principal
cause is the energy deposited into the body. This occurs
only at dosesmuch higher than are likely to be encountered
in the use of small sources, unless there is extremely close
contact.
• Disruption of cell functions. Cell walls are delicatemem-
branes and easily damaged. This can cause the cell contents
to leak out and result in death of the cell. Similar damage
can be caused to other structures within cells, leading to
similar results. Damage to the cell nucleus can cause it
to start to divide uncontrollably, leading to cancer.
• DNA damage. This can cause abnormalities in organs as
well as genetic mutations, if cells in the reproductive
organs are damaged.

The effect on humans has been studied extensively from
the medical history of people exposed to radiation, usually
accidentally. As a result, there is a large body of evidence,
which is added to and reviewed about every 10 years by the
International Commission for Radiation Protection (ICRP).
Based on this evidence, the ICRP makes recommendations
on exposure limits for people exposed to radiation from arti-
ficial sources.This results ina strongsimilarityof thepermis-
sible exposure limits in different countries, although the
details and the way that the regulations are enforced differ.

7.11.3 Measurement of radiation dose

To assess the likelihood of harm from radiation exposure, a
system has been developed to convert the amount of radi-
ation received by a person into units which relate to the
damage which may be caused.

The starting point is the amount of energy deposited
per unit mass into the receiving body. This is called the
specific absorbed dose and is measured by the gray
(Gy), which is equal to one joule per kilogram (J kg−1).
Thus if a person of mass 64 kg were exposed to radiation
consisting of 1MeV particles and, over their body, they
intercepted 4 × 1011 particles, they would have received

an absorbed dose of
106 × 1:6 × 10−19 × 4 × 1011

64
= 1 mGy

(1 eV = 1.6 ×10–19 J). However, the energy deposited in the
body by radiation does not tell the whole story, and it has
been found that different types of radiation vary in their
ability to cause harm. To take this into account, quality
factors are used, which are roughly proportional to the
potential of each type of radiation to harmhumans. Quality

factors,Q, are 1 for X-, γ- and β-radiation; 20 for α particles,
multiple-charged particles, fission fragments and heavy
particles of unknown charge; 10 for neutrons and high
energy protons. The quantity obtained by multiplying the
specific absorbed dose by the quality factor gives an
adjusteddose equivalent, measured in sieverts (Sv). Quality
factors are clearly only rough indicators of the required
adjustment, reflecting uncertainties in a number of factors.
Amongst these are
• the effects of different forms of radiation;
• the actual amounts received by those whose medical
history has been used to compile the dose limits. These
people were mainly victims of accidental exposure, and
hence the dose rate must usually be estimated;
• the necessity to have a small number of categories mak-
ing up each quality factor.

Nevertheless, they are sufficiently accurate to make
useful calculations of the effect of different working prac-
tices. These are also usually subject to considerable uncer-
tainty in the likely dose received.

Older units are still in use in some places. There are two
older units for specific absorbed dose. The roentgen (R) is
actually a measure of ionising potential of the radiation.
1 R = 9.33mGy. The rad is directly comparable to the gray,
being equal to 0.01Gy. The older equivalent of the Sievert
is the rem (actually an acronymof ‘rad equivalentman’) and
equal to 0.01 Sv.

7.11.4 Units of radioactivity

The activity of a sample of radioactivematerial ismeasured
primarily by the number of radioactive disintegrations per
unit of time occurring within it. This unit is the becquerel
(Bq). One Bq is one disintegration per second and so a very
small quantity. Most sources are measured in kBq, MBq or
GBq. Note that the Bq takes no account of the number,
energy or type of particles released in the disintegration,
and so the same number of Bq of different substances can
cover a very wide range of hazard.

An older unit of radioactivity is still quite common. This
is the curie (Ci). One Ci = 3.7 × 1010 Bq, so that common
sources were normally measured in μCi or mCi.

Another commonmeasure connectedwith radioactivity
is the half-life of radioactive material. This is the time
taken for half of a quantity of material to disappear through
disintegrations. It is believed that every atom of a radioac-
tive isotope has exactly the same probability of disintegrat-
ing in any particular time period as every other atom of that
isotope. Because of the enormous number of atoms in even
a small amount of matter (~1023 in 1mL), disintegrations
usually occur in sufficient numbers that the decay is indis-
tinguishable from a continuous process. From this it fol-
lows that, no matter what amount of isotope is present at
any given time, after one half-life, exactly half of the isotope
will be left. After a second half-life, half of that (i.e. a quarter
of the original amount) will be left and so on. This is illus-
trated in Fig. 7.35.
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Half-lives vary enormously, from minute fractions of a
second to verymany years (the half-life of 238U is 4.5 billion
years). Isotopes used commonly in soil physics are 137Cs,
which has a half-life of 13.7 years and 241Am,with a half-life
of 432 years. A half-life much shorter than 10 years would
not be useful as a source in an instrument, since its activity
would decline too quickly and need replacing after a rela-
tively short time.

The activity of a source and its half-life are related,
as the higher the number of disintegrations, the faster
the atoms of the isotope will disappear, so that after
one half-life the amount of radiation emitted will also
be halved.

7.11.5 Principles of radiological protection

Various legal limits of exposure have been set for different
aspects of dealing with radiation and radioactive materials,
covering different classes of people, transport, use, disposal,
etc. These are, however, very much maximum levels and
the whole philosophy of radiation safety revolves around
the principle of ‘as low as reasonably achievable’ known
more commonly by its acronym, ALARA. Sometimes, this
is changed to ‘as low as reasonably practicable’ or ALARP,
which is essentially the same thing.

ALARA requires that, notwithstanding the regulatory
limits on exposure, all reasonable steps be taken to reduce
exposure of individuals to the lowest level achievable.
This reflects, to some extent, continuing uncertainty over
the long-term effects of radiation exposure, particularly at
low levels. However, the inclusion of the word ‘reasona-
bly’ indicates that, provided the levels are comfortably
below the regulatory limits, extraordinary measures are
not necessary. Measures to reduce exposure must, how-
ever, be taken that are achievable without major cost or
disruption.

Reduction of exposure
The amount of radiation to which an individual is exposed
is given by the rate at which (s)he is exposed, measured in
Sv hour–1 multiplied by the time over which (s)he is
exposed. To keep exposure as low as possible, therefore,
the radiation level should be kept low and the time of expo-
sure limited as much as practical.

Reduction of radiation level
The easiest, and often most effective, way to reduce the
exposure level is to increase the distance from the source
of radiation. Radiation levels obey the inverse-square
law, so that by doubling the distance from the source, the
amount of radiation received over the same area of body
drops by a factor of four. Similarly if the distance increases
by ten times, then the radiation level drops to only 1%.

To appreciate the inverse-square law, imagine a sphere
of radius, r, as shown in Fig. 7.36, drawn around the source.
All the particles emitted from this, say n per unit of time,
will, in the absence of any absorbers, pass through the sur-
face of the sphere, which has an area of 4πr2. So the number
of particles passing through a unit area of the sphere’s sur-
face will be n/4πr2. Thus, the radiation intensity decreases
as the square of the distance from the source. Clearly, this is
only strictly true if the size of both the source and the
receiver are small compared with the distance between
them, but the principle still holds.

The inverse-square law is a powerful means to reduce
exposure levels, sometimes called distance shielding. For
instance, to halve the exposure level requires only a 40%
increase in distance from the source.

Practical steps to increase distance include carrying
an instrument containing a radioactive source so as to

Fig. 7.35 Radioactive decay of a source.

Fig. 7.36 Distance shielding as a consequence of the inverse
square law.
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maintain the maximum distance between the source and
the bearer’s body (even better if the device is on a small
portable trolley); packing a vehicle in such a way as to keep
the source as far away as possible from the driver and pas-
sengers; storing the source well away from where people
congregate or work, or where casual passers-by may be
exposed; keeping the source as far away from the body, par-
ticularly the most sensitive areas, as practical during use;
and keeping any persons not directly involved in use of
the device well away from it.

The most important consideration in making distance
shielding effective is to ensure that all those concerned,
not just the operators, are aware through training of the
location of the source and the need to maintain as much
distance as possible from it (and for the least time).

The second way to reduce radiation levels is to use
shielding. Most substances absorb radiation, but some
are much more effective than others. Gamma rays, for
instance, are absorbed primarily by interaction with the
electrons within a substance, and so the number of these
per unit volume (which is closely related to the density
of the substance) is very nearly proportional to its absorbing
power. The consequence is that doubling the thickness of a
light absorber would have almost the same effect as using
the original thickness of one whose density is twice as
much. The shielding power, as a consequence, is often
expressed in terms of kg m−2, that is the mass per unit area
normal to a line between the source and the target. For a
small source, ideally a ‘point’, this favours using the heavi-
est substances available. If the shielding is in the form of
a sphere of radius r and density ρ, with the source at its
centre, the mass-weighted thickness, S, of shielding mate-
rial between the source and a target outside the shield is ρr.
The mass of the shield, M, however, is equal to 4πρr3/3.
For a given shielding level, then, M is related to S as
follows:

M/ S3

ρ2
: ð7:11:2Þ

So to achieve the same level of shielding, the required
mass is inversely proportional to the square of the density.
Hence, lead (ρ = 11,340 kgm–3) is a common shieldingmate-
rial and, where the expense can be justified, depleted ura-
nium (ρ = 18,900 kg m–3) may be used. The mass of a
depleted uranium shield, therefore, need be only a little
over 1/3 that of a lead one with the same shielding power.
Since the mass of shielding is often the dominant factor in
the overall mass of the device, this is an important consid-
eration. The use of high density shielding also makes for
a more compact device, although this reduces the benefit
of distance shielding.

A given thickness of shielding will produce a reduction
of the radiation by a factor of, say, x. A second layer of the
same thickness will reduce the amount of radiation by a
further factor x, to give an overall reduction of x2, each suc-
ceeding layer reducing the radiation by another factor of x.

So if x is 2, then each layer reduces the radiation by a half
and successive layers produce reductions of ½, ¼, 1/8, and
so on. Mathematically, this can be expressed as follows:

I = I0e−αt ð7:11:3Þ

where
I is the radiation intensity emerging from shielding of

thickness t;
I0 is the radiation intensity entering the shielding and
α is an attenuation coefficient, expressing the effective-

ness of the shielding material.
For gamma rays, α is expected to be proportional to the

density of the material, although its value will depend on
the energy of the gamma rays, decreasing with increasing
energy for photon energies of less than 4MeV. In other
words, the higher the gamma ray energy, the smaller the
attenuation and the greater the penetration.

For neutrons, which do not interact with electrons in
the material, the situation is somewhat different. Lighter
nuclei (particularly hydrogen) are better at slowing fast
neutrons. Hydrogen-rich materials are therefore used.
The slow neutrons are readily captured by many elements.
Water is a very efficient material for shielding and for port-
able shields plastics are often used. The addition of boron,
which is a very efficient slow neutron absorber, to the
shield material increases the efficiency of shielding mark-
edly and the addition of a thin lead shield will reduce the
hazard caused by gamma rays, which are a by-product of
the capture process.

Time of exposure
With modern equipment used in the correct manner,
the rate of exposure to radiation is low. Nevertheless, the
ALARA principle requires keeping oneself (and others) near
to a radioactive source for the least time necessary to per-
form the task in hand. It is very important to remember that,
even though equipmentmay be switched off, the radioactive
source is still decaying and emitting radiation. A little
forethought and planning will help to ensure that operators
are exposed to the source for as short a time as possible. In
most cases, the measures required are fairly obvious, but a
few general points may help to achieve minimum exposure.

The most important point is to ensure that no one is
exposed to a significant level of radiation when the equip-
ment is not being used. This means that it should be stored
well away from any people except when it is in use or being
transported. This applies both to the laboratory situation,
where the equipment should be kept in a safe, secure and
permanent store, and to the field, where people should
not be allowed near to a source during breaks or when per-
forming tasks not involving the radioactive equipment.
Similarly, only those people who are actively using the
radioactive equipment should be allowed near the source.
If other people have tasks to perform close to where the
radioactive source is used, it can usually be arranged for
them to do these before or after work with the equipment.
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It is often difficult to arrange separate transport for per-
sonnel and the equipment. However, as far as possible, this
should be adhered to. If it is necessary for others to travel in
the same vehicle, then:
• the vehiclemust be packed to ensure that the radioactive
source is as far away from the occupants as possible and
that appropriate shielding is placed in between;
• people who are not essential for the task must not be
allowed to travel in the vehicle.

7.11.6 The legal framework

In most countries, laws have been adopted based on recom-
mendations and regulations framed by international
bodies. While each country is responsible for passing its
own laws, these documents ensure that the practices are
similar in different countries.

The regulations in most countries cover four main areas
of activity:
1 Protection of persons from radiation during use and
storage of the equipment
2 Transport
3 Environmental protection
4 Security of the radioactive material.

Radiation protection during use and storage
These regulations are based on limits recommended by
the ICRP for human exposure. They normally distinguish
between exposure of those working professionally with
radioactive sources and the general public, for whom
there is a lower dose limit. The ICRP’s latest (2007)
recommendations (ICRP103) set a limit of 1mSv per
annum for members of the general public and 20mSv
per annum, averaged over 5 years, for occupational users.
The recommendations also incorporate the ALARA
principle and advise that zones around radioactive
sources be designated as controlled and supervised areas.
Controlled areas are ones in which only designated people
may enter, while supervised areas enjoy a lower level of
protection, while still having the potential for members
of the public to receive a dose above the recommended
limit if they remain within it for a significant proportion
of the time.

To put these recommendations into practice, it is usual
to take the annual dose limit and divide it by the working
time over the year. This will yield the maximum allowable
dose rate. For someworking environments, this is not prac-
tical, but for the type of work discussed here, is perfectly
feasible. Often the law will insist that workers wear per-
sonal dosimetry monitors. These are usually either photo-
graphic films encased in a light-proof covering and partially
shielded or more modern photoluminescent detectors.
These are sent to a testing house on a regular (usually
monthly or three-monthly) schedule and the dose received
by the wearer over that time assessed. Neutron monitors
are more complex and expensive, partly because of a lower
demand for such monitoring. Strict recording procedures

are necessary to ensure that annual doses are calculated
correctly and that records are passed from one employer
to another. Provided that sensible procedures to achieve
ALARA are in place, it is rare for such monitors to record
any measurable dose with the use of neutron and gamma
soil probes.

Transport
Because transport is an international industry, regulations
for the movement of radioactive materials are similar for
different modes of transport and standardised between dif-
ferent countries. Recommendations for the transport of
radioactive materials are published by the International
Atomic Energy Agency (IAEA, 2012) and cover packaging,
labelling and handling of the materials. The International
Air Transport Association (IATA) and International Mari-
time Organisation (IMO) have their own (very similar) reg-
ulations for transport of hazardous goods, which
incorporate the IAEA recommendations and also cover
documentation.

The main relevant elements of the transport regulations
are as follows.

Special form sources These are manufactured to very
stringent standards to ensure that the radioactive contents
will stay within the source capsule even under very severe
conditions, for instance a mechanical accident or serious
fire. Special Form Certificates are issued by national
accreditation bodies and are valid for a few years at a time.
They can be renewed, but are often valid for a limited time
from the date ofmanufacture to reflect deterioration of the
capsule’s construction, pressure build up within it from
evolved gases, changing standards, etc. Thus, although
the half-life of a neutron source may be 432 years, the Spe-
cial Form Certificate may be renewable only for 15 years.
A Special Form Certificate exempts the consignor of the
package from many of the transport regulations, since
there is a very high level of confidence that, no matter
what may happen to the package, the source will remain
intact. Without a Special Form Certificate, routine trans-
port of neutron and gamma ray probes would be almost
impossible.

Containers The outer packaging of the equipment con-
taining a radioactive source should conform to certain stan-
dards, which ensure that it is sufficiently robust to stay
intact during transport and that the radiation level at the
surface will not endanger handlers. Themost common con-
tainer for Special Form sources is known as Type A. A Type
A container must be capable, when it has the equipment
inside it, of withstanding: dropping onto a hard surface from
1m height on any corner and of being penetrated by a 20 kg
iron bar dropped from 1m and retain this ability when
soaked in water.

Labelling All vehicles carrying hazardous goods, of which
radioactive materials are an example, must display
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appropriate signage. These comprise three diamond-shaped
half yellow, half white signs, similar to Fig. 7.37, with a
radioactive trefoil sign. These must be displayed on each
side and the back of the vehicle.

In some countries, an orange rectangle, edged in black,
must also be displayed on the front and back of the vehicle,
to indicate hazardous goods. In others, there must be either
or additionally a fireproof plate in the cab, visible to
the driver, warning of radioactive materials on board. The
box containing the source must also display signage. This
is quite tightly prescribed. The examples given here apply
to a Type A container, since these are used almost univer-
sally for portable equipment. The first requirement is for a
small diamond radioactive trefoil label, similar to that used
on the outside of the vehicle. This label, however, must
carry some details of the source and the dose rate at the sur-
face of the box, in the form of aTransport Index. The Trans-
port Index is the dose rate in mSv hour–1 at 1m from the

outside of the container multiplied by 100 and rounded
up to the nearest 0.1. There are three forms of this label,
depending on the Transport Index. Category I labels are
used for transport indices lower than 0.1, Category II for
those between 0.1 and 1 and Category III for those higher
than this. Figure 7.38 shows an example of a Type II label,
which is most likely to be appropriate for portable soil
water equipment. The box must have at least two of these
labels on opposite sides. The container must also have
labels similar to those illustrated in Figs. 7.39 and 7.40.
Again, the wording is tightly prescribed. Lastly, the box
must have a label showing the consignor’s and/or con-
signee’s details.

Documentation For road transport, each radioactive
package must be accompanied by a Consignment Note.
This contains details of the radioactive content of the pack-
age, the origin and destination of the journey, etc. An

Fig. 7.37 Placard to be displayed on the outside of a vehicle carrying radioactive materials. The upper part has a yellow background.
From IAEA (2012). Reproduced with permission of IAEA.
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example of a Consignment Note is shown in Fig. 7.41. The
Consignment Note should be accompanied by a Special
Form Certificate and may require other documents, such
as a copy of Local Rules. For air and sea transport, an IATA
or IMO Hazardous Goods Certificate is required. An

example copy of an IATA form is shown in Fig. 7.42. The
IMO version is very similar. Only original copies of this
form are acceptable and many carriers will not accept
any corrections on the form. Other documentation may
be required, in particular for international transfers, cus-
toms documents and permission from the authorities in
the receiving country.

Transport across administrative boundaries Journeys
that cross administrative boundaries often require permis-
sion from the authorities in the destination area. These are
not necessarily international borders. Different states of the

Fig. 7.38 Category II label to be affixed to a transport container. The upper half of the label is yellow, and the lower half of the label iswhite.
The trefoil and printing is black and the Category II bars are red. From IAEA (2012). Reproduced with permission of IAEA.

Fig. 7.40 Package label identifying a Type A container.

Fig. 7.39 Package label identifying the UN marking and proper
shipping name.
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Fig. 7.41 Example of a transport document complying with the IAEA (2012) Transport Regulations. Note that information must be
entered into all the grey areas and that some of the other information will not be applicable in all cases. © NERC (CEH). Reproduced
with permission.
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Fig. 7.42 IATA Shippers declaration form. © 2014, IATA. Used by permission of IATA. All rights reserved. The IATA Dangerous
Goods Manual is available at http://www.iata.org/publications/dgr/Pages/index.aspx
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United States, for example, require such permission. Per-
mission is also required for transport between different
countries of the European Union, although it may not be
needed (depending on the receiving country) if the package
originates from outside the EU. Transport (and other) rules
within different administrative areas often differ, so that it
is essential to establish these in advance.

Transport by road Users often transport radioactive
devices themselves as part of their regular monitoring
activity. Many of the same requirements concerning pla-
carding of vehicles, transport documents, etc. apply equally
to these people as to commercial carriers. However, com-
mercial carriers usually have a well-established set of oper-
ating procedures, whereas the neutron or gamma probe user
needs to produce their own in consultation with their
advisers.

The principal areas to cover are limitation of radia-
tion exposure to occupants of the vehicle and those
outside, emergency procedures in case of accident or
breakdown of the vehicle and security of the radioactive
materials.

Exposure to vehicle occupants can be minimised by
ensuring that no one not directly involved in the work tra-
vels in the vehicle and that the radioactive device(s) are
packed as far away from the occupants as possible. There
may be an appreciable level of radiation outside the vehicle,
so that if it is parked for more than a very short time, it
should be well away from other vehicles or where other
people pass or congregate.

Emergencies should be catered for by establishing pro-
cedures for notifying a responsible person of accidents or
breakdown, for securing the vehicle and its contents in
such a situation and by signalling the presence of a disa-
bled vehicle carrying hazardous goods to other road
users by, for instance, marker cones or lights. A fire extin-
guisher in the vehicle will help prevent problems in case
of a fire.

Security of the radioactive contents clearly depends on
individual circumstances, but should include measures to
lock the device in its transport container, to prevent theft
of the device in its container by securing it in the vehicle
(this will also help keep it secure in case of a serious acci-
dent) and by ensuring that the vehicle is not left unattended
or out of surveillance.

Environmental protection
The use of sealed, Special Form sources should prevent
the possibility of contamination of the environment by
radioactive material in the source. Loss of a source would
create a minor environmental hazard, but a much greater
one to individual members of the public, who might
come into contact with it. For this reason, loss of a radi-
oactive source is taken very seriously indeed. It is essen-
tial to formulate emergency procedures to deal with such
an eventuality (see later).

The main environmental hazard relating to radioactive
materials comes from the use of unsealed sources. In soil
water investigations, their use is almost always as tracers
(see Sections 19.2.4 and 24.4). These are mostly confined
to laboratory experiments, but have been applied in the
field. Permission to use a radioactive tracer in the field is
extremely difficult to obtain and is likely to be granted only
if no other methods are possible and if the need for the
investigation is regarded as of sufficient importance that
it outweighs the public health hazard resulting from possi-
ble exposure of members of the public. Stringent safeguards
must be in place for either laboratory or field use, to reduce
releases of radioactivity to the air, water bodies or the soil.
Licensing is normally required, specifying limits for dis-
posal by each of these routes and the measures required
both to comply with ALARA principles and with the stated
disposal limits.

Security
For many reasons, security of radioactive material is
important. Recent concerns over global terrorism have
increased the prominence of the security aspects of the
use and storage of radioactive materials, resulting in more
stringent regulations in many countries. The sources
used for the work described here are relatively small
and, therefore, unlikely to pose a significant public health
hazard, whether lost accidentally or stolen deliberately.
There is, however, potential for very significant levels
of public concern over the loss of even a small quantity
of radioactive material, which can be exploited by those
seeking to cause civil unrest. To ensure an adequate level
of security, the following steps should be taken:
• All radioactivematerialsmust be stored in a secure store.
Particular attention should be paid to the security of win-
dows, rooflights or other potential weak points. The door
to the store must be strong enough to withstand attempts
at forced entry. It must also be marked clearly with radio-
active trefoil signs to signal that there is a hazard within.
The objective is to ensure that, even if the building inwhich
the store is sited is entered illegally, the radioactive mate-
rial will remain secure.
• Thematerials within the storemust be placed so that the
dose rate on the surface of its walls is below that which
would give rise to a supervised area. This ensures negligible
hazard to people passing close to the store.
• Entry to the store should be controlled, so that only
those who need access to the radioactive materials can
do so. Thismay be by ensuring that only authorised people
possess a key to the store. Alternatively, theremay be only
two keys to the store, which are kept in a locked key
cabinet. Keys to the key cabinet may be held by each
person requiring access, but not by others. This latter
arrangement often works better where there are several
people needing access to the store. Higher levels of secu-
rity may be achieved by using various electronic access
arrangements.
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• Only equipment connected directly with use of the radi-
oactive materials should be kept in the store. This helps to
ensure that access is restricted only to those people with a
direct need to use the radioactive equipment.
• All movements of radioactive sources into and out of the
storemust be recorded in a book kept within the store. As a
minimum, this should record the identification of the
source, the date and time of its removal and replacement,
the destination and the person who takes it out or returns
it. It also helps if the amount of time that the source is in
transport, being carried and in use is recorded, as this helps
to give a semi-quantitative picture of the amount of expo-
sure to individuals.
• When not in the store, the radioactive material should be
kept under surveillance at all times. This is not normally
difficult to arrange, since it will usually be in a vehicle with
the driver or in use. Breaks can usually be arranged so that
the vehicle or the instrument container can be kept in sight.
If it is necessary to take the instrument out of its store over-
night, then a temporary arrangement must be made to
ensure the security of the source, which is no less stringent
than that of its permanent storage. Commercial facilities
exist in some places, while many research stations or aca-
demic institutionsmay provide suitable accommodation. If
overnight storage is needed frequently, it may be worth-
while constructing a suitable store.

A store need not be particularly elaborate. For a single
neutron probe, a large steel cabinet, about 1m square and
high enough to accommodate the probe will often suffice.
The construction must be robust enough to withstand
attempts to break into it, as does the lock. On its own, this
is probably not sufficiently secure, but security may
be enhanced by locating the store inside a building or a
secure compound. Another solution is the use of a ground
safe. This is a watertight steel box about 400 × 400mm and
deep enough to accommodate the probe, buried in the
ground, so that its top just protrudes above the ground sur-
face. An overlapping, lockable lid secures the contents and
prevents rain getting in. Security is increased by the unob-
trusive nature of the installation, although this is clearly
not a suitable option where surface flooding is possible.
Once again, the ground safe should be located in a secure
compound. An added advantage of a ground safe is that
very little radiation is likely to be experienced at or above
ground level.

7.11.7 Practical compliance with radiological
protection regulations

The foregoing discussion may seem bewilderingly compli-
cated. However, advice is often available to help devise
arrangements which are both practical and fulfil the legal
requirements. Large commercial and research organisa-
tions and universities usually employ people experienced
in using radioactive materials and who are familiar with
many of the regulations, although this is often from a

laboratory viewpoint and use in the field may be beyond
their experience. In the United Kingdom and some other
countries, each registered organisation must have a radio-
logical protection advisor. This may be someone within
the organisation or, for smaller establishments, an
employee of a specialist advisory service. Regular contact
with such people ensures that practicality is compatible
with rigorous compliance, that experience is shared among
different groups with similar problems and that changes in
the regulations are dealt with in a timely fashion.

The heart of good radiological protection is a set of local
rules. These should embody all the aforementioned princi-
ples in a form specific to the organisation and the work
undertaken. The local rules form part of the overall work-
ing regime and may be incorporated into an observer’s
handbook or set of instructions, ormay be a standalone doc-
ument. They need to be clearly written and no longer than
absolutely necessary, so that everyone involved under-
stands and complies with them.

The local rules should include the following:
• A brief description of the hazard from each radioactive
source used;
• Advice on minimising exposure;
• The storage requirements, including safe emplacement
in the store and security measures needed;
• The rules for transporting the sources, including the con-
tainers which must be used, which vehicles may be used,
measures to protect occupants of the vehicle, the signs to
be displayed on the vehicle and on the containers;
• The procedures to be followed when using the devices to
minimise exposure;
• All documentation which must be carried and/or
completed when moving or using the radioactive
materials; and,
• Emergency procedures in the event of unexpected events;
for instance, vehicle breakdown, accident, jamming of a
device below ground, theft or fire. Contact details for emer-
gency services and a responsible person (who may not nec-
essarily be a member of the employing organisation
but, for instance, of a specialist radiological protection
organisation).

Formulating contingency procedures for these events
is, in itself, a useful exercise in focusing on the important
issues surrounding particular activities and will often
prompt changes in working practice to make the events
less likely.

Local rules should be revised regularly and at least annu-
ally. It is surprising how quickly procedures become out of
date as circumstances, personnel and working patterns
change. Frequent revision of the rules also allows improve-
ments to be incorporated into working practices. For this
reason, the people actually carrying out the work should
be fully involved in writing and revising the rules.

The local rules must be complemented by regular train-
ing of all staff involved. All those who use the devices
should attend a training session before being allowed to
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work with any radioactive source. This should contain the
kind of information described in this chapter, followed by a
full description of the organisation’s procedures, as set out
in the local rules. It should also include hands-on training
in each phase of the work, concentrating on practices
to reduce exposure to oneself and others during storage,

transport (including loading) and use of the devices. Some
training will often also be necessary for staff indirectly
involved in the work, including managers.

Good practice would provide refresher training about
once every 2 years and a full repeat training session after
5 years.
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8 Dielectric Methods

Neutron probes proved to be very successful in enabling
field observations of soil water content in sufficient detail
to follow changes in water storage as a function of both
depth and time. This allowed major progress to be made
in both scientific studies of soil water dynamics and practi-
cal applications. The latter included irrigation scheduling,
estimation of pollution of groundwater via the unsaturated
zone, estimation of recharge to groundwater and clogging of
sewage filter beds.

However, neutron probes suffer a number of disadvan-
tages. Chief amongst these are the following:
• The need to install access tubes, which is very time-
consuming and laborious. Moreover, it carries dangers of
excessive disturbance to vegetation, the ground surface
and the subsurface environment. Additionally, any gap
around the access tubemay allowwater to bypass the upper
soil matrix to deeper depths.
• Radiological protection regulations impose significant
overheads on their use. Over time, these have become
increasingly burdensome.
• The equipment is heavy and data acquisition is slow,
requiring manual operation of the instrument.
• Automatic, unattended data acquisition is not possible
except in very rare circumstances.
• The equipment is expensive.
• Some operators and landowners are resistant to the use of
radioactive equipment.

These difficulties led to a search for alternative methods
to measure soil water content, which would avoid some or
all of these problems.

A good basis for such amethod is to exploit the very high
permittivity of water, relative to that of almost all other
materials. This had been recognised for several decades,
but practical techniques were not developed until the late
1970s, when sufficiently robust high-frequency electronic
devices became available.

Techniques for using this property tomeasure soil water
content use different ways in which permittivity variations
affect high-frequency electromagnetic waves. These
include their velocity in the soil medium (the basis of time

domain reflectometry (TDR) and time domain transmis-
sion (TDT)), the characteristic impedance of the medium
to wave propagation (used in the Theta Probe) and the
capacitance between two electrodes embedded in the soil
(used in various ways in capacitance probes, the ECH2O
probe and others).

Much of the theory behind the use of these devices is
quite complex. It is described in some detail, starting with
the concept of permittivity and why it varies from one sub-
stance to another, then onto the particular dielectric prop-
erties of water. This is followed by a description of the
fundamental principles of electrical circuits and their
response to time-varying voltages. Many readers may find
this very familiar, while others may not. It is included to
provide the theoretical basis for all the techniques
described later in the chapter.

Section 8.4 discusses the relationship between permit-
tivity and soil water content, which underpins all of these
techniques. Following this, Section 8.5 develops the theory
behind transmission lines and how permittivity affects the
velocity of an electromagnetic wave along such a line,
the concept of characteristic impedance and how electrical
conductivity of the medium between the conductors
affects the wave. Many capacitance-based instruments
are, in reality, short transmission lines embedded in the
soil. Part of Section 8.5 describes how the capacitance of
these short lines depends on their length, the oscillation fre-
quency and the electrical conductivity of themedium. This
section presents the fundamental physics behind most die-
lectric methods. It may, however, be both mathematically
and conceptually challenging for many readers. In view of
its importance, the key concepts are brought together in
a short summary at the end of this section.

Section 8.6 describes how the dependence of electromag-
neticwave velocity onmediumpermittivitymay be used to
measure the permittivity of soil, and hence its water con-
tent, in practical field situations through TDR and TDT.

Sections 8.7 through 8.10 describe the conceptually
simpler capacitance-based methods for measurement of
soil water content and compare different methods used to
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measure the capacitance between electrodes embedded in
the soil. These includemeasuring the frequency of an oscil-
lator in which the capacitor formed by the electrodes is part
of the circuit (capacitance probes) and three different meth-
ods by which the capacitancemay be deduced at a fixed fre-
quency – by its effect as the termination of a transmission
line (Theta Probe), the charging of a resistor – capacitance
circuit (ECH2O Probe) or a full measurement of real and
imaginary parts of the permittivity (Hydra Probe).

8.1 Dielectrics – Basic Principles

When an electric field is applied to an insulating material,
the negatively charged electrons and the positively charged
nuclei which compose it are pulled in opposite directions.
The mutual attraction between the electrons and nuclei
opposes this, so that the two sets of electric charges can sep-
arate by only a small distance. For small electric fields, the
separation is proportional to the field strength. This trans-
forms each molecule into a tiny dipole, which can be envi-
saged as having a positive charge at one end and a negative
one at the other. The process is called polarisation and is
conceptually similar to the stretching of a spring, in which
the force applied (the electric field) is opposed by the stiff-
ness of the spring (the attraction between positive and neg-
ative charges). To achieve the charge separation (as in
stretching a spring) work must be done, which is stored
as potential energy. This energy is released when the field
is turned off or the force on the spring removed.

A device for storing energy in this way is called a capa-
citor. This is usually thought of as two parallel metal plates,
separated by a small distance, d. When a voltage, V, is
applied to the capacitor, a current flows from the voltage
source and opposing charges collect on each plate. The elec-
tric field between the plates is V/d and the work done to
achieve this charge storage is ½CV2, where C is called the
capacitance of the capacitor. It is measured in farads (F),
although the farad is a very large quantity andmost practical
capacitors are measured in μF (10−6 F) or pF (10−9 F).

Even with no material between its plates, the capacitor
can store electric charge and energy. However, if there is a
dielectric (i.e. an insulator) present, extra energy goes into
separating the charges, which means that the capacitor
stores both more charge and more energy. Figure 8.1 shows
the way in which an electric field separates the charges of
molecules in a solid (Fig. 8.1a and b) and in a liquid
(Fig. 8.1c and d). Thus the presence of the dielectric
increases the capacitance. For the flat plate capacitor, the
capacitance is given by

C = ε
A
d
; ð8:1:1Þ

where
A is the area of the plates and
ε is called the permittivity of the material between them.

The electrodes of the capacitor do not have to be parallel
plates, however. Any pair of conductors will form a capac-
itor. For other configurations, the relationship is defined as
follows:

C = gε; ð8:1:2Þ

where g is called a geometric factor. In the case of the flat
plate capacitor,

g =
A
d
: ð8:1:3Þ

Since the capacitor can store charge and energy when
there is a vacuum between the plates, ε for the vacuum is
not zero and is equal to 8.854 × 10−12 F m−1. This is known
as the permittivity of free space and given the symbol ε0. ε0
is sometimes called the electric constant or vacuum per-
mittivity. For almost all practical purposes, air, because
of its very low density, can be treated as having the same
permittivity as that of free space. Solid and liquid dielec-
trics have higher values of permittivity. It is usual to use
the ratio of the permittivity of the material to that of free
space when discussing the properties of materials. This is
called the relative permittivity, εr:

ε = εrε0: ð8:1:4Þ

A frequently used alternative, but more old-fashioned,
name for relative permittivity is dielectric constant. Values
of εr for most common materials are in the region of 3–6.

Fig. 8.1 Polarisation of a solid (a and b), non-polar liquid (c and d)
and a polar liquid (e and f) by an electric field. The amount of
alignment in liquids is much exaggerated.
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Some substances, however, exhibit much larger values.
Water, in particular, has a relative permittivity of about 80.

The reason for such a high permittivity is that the water
molecule is itself a dipole, even when there is no electrical
field present. That is, the charge within themolecule is dis-
tributed with a small net positive charge at one end and a
small net negative charge at the opposite end (see Fig. 8.2).
Suchmaterials are known as polar substances. Applying an
electric field to a polar substance not only causes the
charges to separate a little more but also allows the existing
dipoles to align with the field. More energy is stored by this
process than by polarisation alone, and hence polar sub-
stances have a higher permittivity than non-polar ones.
For the molecules to align with the field, however, they
must be free to move. This is not normally possible in a
solid, where the atoms are held tightly in a lattice; but in
liquids and gases, where the molecules can rotate freely,
there are no such constraints. The density of gases is very
low, and hence there are few molecules per unit volume
so that the permittivity of a gas is always very close to that
of free space. Polar liquids, however, have very manymole-
cules per unit volume and so exhibit a high value of permit-
tivity. In water, this is around 80. Figure 8.1e and f shows
the effect of an electric field on a polar liquid. When there
is no electric field, the dipoles have a random orientation,
but when a field is applied, they tend to line up with the
field, although frequent collisions between molecules
means that they are often knocked out of orientation.

8.2 Factors Affecting Permittivity of Water

The permittivity of water is not completely constant. The
most important influences are temperature, electromag-
netic frequency, the presence of electrically charged sur-
faces and dissolved solutes.

8.2.1 Temperature

Since the high permittivity of water depends on the mole-
cules lining up in the electric field, anything which affects
this will affect the permittivity. As described earlier, colli-
sions knock them out of orientation. The more often colli-
sions occur, the smaller the number aligned with the field
at any moment. As temperature increases, the molecules
move faster and so undergo more collisions. The result is
that permittivity decreases as the temperature increases.

Additionally, thermal expansion means that there are
fewer molecules per unit volume at higher temperatures,
which also contributes slightly to the reduction of permit-
tivity. The temperature coefficient of the relative permit-
tivity of pure water resulting from these processes is
about –0.3�C–1, that is it declines by about 0.3 for each
increase in temperature of 1�C.

Freezing traps the water molecules in a rigid lattice
structure and prevents them from reorienting in the field,
except at frequencies of less than a few kilohertz. The rel-
ative permittivity of ice is, therefore, only about 3.2, a value
typical of many other solids. This phenomenon can be used
to detect when water freezes or, in association with a neu-
tron probe or othermeans ofmeasuring total water content,
to assess the proportion of frozen to unfrozen water.

8.2.2 Frequency

An alternating electric field causes the electric dipoles to
first orient themselves in the field in one direction, then
in the opposite one a short time later. As the frequency
increases, the dipoles’ inertia inhibits their response to
the field reversals, a phenomenon known as relaxation.
The dipole orientation lags further behind the field, and
the degree of alignment is less strong so that the permittiv-
ity reduces. Less obviously, the lag between the stimulus
and the response means that energy is dissipated in the
process. Relaxation is discussed further in Section 8.3.8.

8.2.3 Solid surfaces

Clay minerals have a similar crystal structure to ice. This
explains in part why water is attracted to clay surfaces
and often binds tightly to them. The consequent immobili-
sation of the first few molecular layers of water would be
expected to reduce the permittivity of these layers, perhaps
with the first layer having a value close to that of ice, with
layers successively further from the surface becoming
closer to free water. The precise details are not yet known
and some of the data appear to conflict, but the qualitative
picture is believed to be correct.

8.2.4 Solutes

Solutes in water are charged ions, which can screen water
molecules from the electric field. Most soil solutions are
quite dilute and the effect is, consequently, small.

Fig. 8.2 Electron distribution in a water molecule.
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A bigger effect is that solutes enhance the electrical
conductivity of the solution very markedly. This affects
variousmethods formeasuring the permittivity in different
ways and is described in each method’s relevant section.

8.3 Fundamentals of Electrical Circuits

There are four kinds of passive circuit elements (i.e. those
which do not need an external power source). These are
resistors, capacitors, inductors and diodes.

8.3.1 Resistors

Resistors, as the name suggests, resist the flow of electric
current. The basic equation governing the current through
a resistor is the familiar Ohm’s law:

VR = IR ð8:3:1Þ

where
VR is the voltage across the resistor;
I is the current passing through it, and
R is the resistance of the resistor.

Current passing through a resistor causes it to heat up, as
energy is dissipated inside it. The rate at which energy (W)
is dissipated is given by

dW
dt

= IVR = I2R =
V2

R

R
: ð8:3:2Þ

Electrical circuits are usually depicted by showing the
various elements as symbols, with lines showing wire or
printed circuit board connections between them.
A resistor is usually depicted by this symbol:

, although in older texts it may be shown

as: .

8.3.2 Capacitors

As described in Section 8.1, capacitors store electric charge
and energy. The amount stored depends on the physical
arrangement of the parts of the capacitor and on the permit-
tivity of the dielectric.

The relationship between charge stored and voltage is
given by

Q =CVC; ð8:3:3Þ

where
Q is the charge stored by the capacitor;
C is the capacitance and
VC is the voltage across the capacitor.

The energy, W, stored in the capacitor is given by

W =
1
2
QVC =

1
2
CV2

C =
1
2
Q2

VC
ð8:3:4Þ

A steady voltage applied to the capacitor initially causes
current to flow in the circuit as it stores charge. Once
the capacitor voltage reaches that of the power source, no
further current will flow, making the capacitor a complete
barrier to current flow.

A capacitor is usually indicated on a circuit diagram by

this symbol: .

To illustrate this, Fig. 8.3 shows a circuit in which a
capacitor is charged from a steady voltage source, V,
through a resistor. At time t = 0, the switch is closed and
a current, I, starts to flow in the circuit. Electric current
is a flow of charge, and so the rate at which charge is accu-
mulated on the capacitor is given by:

dQ
dt

= I: ð8:3:5Þ

Using Equations 8.3.1, 8.3.3 and 8.3.5, the voltage across
the resistor, VR, and the capacitor, VC, are as follows:

VR = IR ð8:3:6Þ

I =
dQ
dt

=C
dVC

dt
: ð8:3:7Þ

Since

V =VR +VC = constant; ð8:3:8Þ
dVR

dt
+
dVC

dt
= 0: ð8:3:9Þ

Differentiating Equation 8.3.6 and using (8.3.9) yields:

dVC

dt
= −R

dI
dt

; ð8:3:10Þ

which can be substituted into (8.3.7) and rearranged to
obtain:

1
I
dI
dt

= −
1
RC

: ð8:3:11Þ

Fig. 8.3 Capacitor charging through a resistor.
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Integrating both sides with respect to t gives

ðI
I0

dI
I
= −

1
RC

ðt
0
dt; ð8:3:12Þ

where I0 is the current at t = 0, which must be equal to V
R=

since there is no voltage across the capacitor initially.
The solution of (8.3.12) is:

ln
I
I0

� �
= −

t
RC

: ð8:3:13Þ

Or

I =
V
R
e− t

RC: ð8:3:14Þ

The result is shown graphically in Fig. 8.4. The quantity
RC is often called a time constant, as it defines a character-
istic time over which the current falls to 1/e (about 37%) of
its final value and is usually given a symbol τ.

The voltage on the capacitor is found by using
Equations 8.3.6 and 8.3.8:

VC =V 1−e− t
RC

� �
: ð8:3:15Þ

This is also shown in Fig. 8.4, and indicates that the volt-
age rises up to a steady value of V with the same time
constant.

8.3.3 Inductors

Sometimes referred to as a solenoid or coil, these are usu-
ally in the formof a coiled piece ofwire.When current flows
through the coil, it creates a magnetic field, the build-up of
which resists the flow of current. In contrast with a capac-
itor, the maximum resistance occurs when voltage is first
applied to the inductor, as it produces an opposing voltage
proportional to the rate of change of current. Once the

current becomes steady, an inductor provides no barrier
to the current. An inductor is characterised by its induc-
tance, which is usually given a symbol L and is measured
in henries (H).

In circuit diagrams, an inductor is usually denoted by

this symbol: .

The relationship between current through the inductor
and the voltage, VL, across it is given by

VL = −L
dI
dt

; ð8:3:16Þ

where the negative sign signifies that the voltage is directed
in the opposite direction to the current flow.

The energy,W, is stored in the magnetic field of the coil
and is given, similarly to Equation 8.3.4, by

W =
1
2
LI2: ð8:3:17Þ

The behaviour of an inductor can be illustrated in a
similar way to that of a capacitor, as shown in Fig. 8.5, by
replacing the capacitor with an inductor.

Initially, there is no current in the circuit when the
switch is closed, and so all applied voltage,V, appears across
the inductor.

Equation 8.3.16 gives the voltage across the inductor,
and the voltage across the resistor, VR, is given by
Equation 8.3.6:

Then, the total voltage, VR + VL = V, which is cons-
tant, so

IR−L
dI
dt

=V: ð8:3:18Þ

The method of solution is very similar to that for the
capacitor and leads to

I =
V
R

1−e− tR
L

� �
: ð8:3:19Þ

This is shown graphically in Fig. 8.6. In this case, the
current increases from zero to a steady maximum value

Fig. 8.4 Variation of current and voltage with time during
capacitor charging.

Fig. 8.5 Inductor circuit.
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of (V/R), and the time constant is equal to (L/R). Figure 8.6
also shows the voltage across the inductor falling with the
same time constant to reach zero eventually, when the cur-
rent becomes steady. Figures 8.4 and 8.6 are, in fact, identi-
cal except that the time constant in one case is RC and in
the other, (L/R) with the current and voltage curves being
exchanged.

Similarly to a capacitor, the value of the inductance can
be enhanced by amaterial, usually iron or ferrite, which has
a large magnetic permeability.

Inductors do not have to be coils of wire. Even a straight
length of wire has an inductance, as a current produces a
magnetic field around it. A pair of conductors or electrodes
has an inductance that can be expressed by the same geo-
metric constant, g, as that for a capacitor, except that L is
inversely related to g (see Eq. 8.1.2):

L=
μ

g
; ð8:3:20Þ

where μ is the magnetic permeability.
The main use of capacitors and inductors is in alter-

nating current applications, where they regulate current
without dissipating energy. This is described in
Section 8.3.5.

8.3.4 Diodes

A diode is effectively a one-way valve, allowing current to
flow through it in one direction, but not in the other. Ide-
ally, it will have zero resistance when current flows in
the “forward” direction and infinite resistance in the other
direction; but, in practice, these are not quite realised.

A diode is depicted in circuit diagrams thus: .

The arrow indicates the direction in which current is
allowed to flow.

8.3.5 Alternating currents and voltages

When the strength of the voltage source varies in a regular
manner, the behaviour of capacitors and inductors is qual-
itatively different from the dc case. The basic equations
remain the same, but since the voltage is always changing,
the average current through the circuit is quite different.

A fundamental property of any variable waveform, even
a non-periodic one, is that it can be made up by adding
together many different sinusoidal waveforms. These are
called the Fourier components. The behaviour of any cir-
cuit can be analysed by calculating the response to each
of these components and then adding them together at
the end in the proportions that were present in the original
waveform. This has proved to be a powerful method in
many applications and one we shall follow here.

Firstly, we will take the simple case that was used for a
steady source voltage of a capacitor and resistor shown in
Fig. 8.3. Instead of imposing a steady voltage on the system,
though, the voltage, V, varies with time according to

V =V0 cos2πft: ð8:3:21Þ

This describes a sinusoidally varying voltage with
amplitude V0 and frequency f, as shown in Fig. 8.7. Thus
the pattern repeats itself f times every second. Alterna-
tively, the time between one complete cycle and the next
is 1/f. The unit of frequency is the hertz (symbol Hz) or,
sometimes, s–1. To simplify matters, we will not, however,
use the frequency as described earlier, but a quantity desig-
nated ω = 2πf. ω is called the angular frequency and is, in
fact, radians per second. The advantage of using it is that
it saves writing 2π each time. ω is about 6.3 times larger
than f, so for f = 100 MHz, ω = 6.3 × 108 rad s–1. Using this
convention, Equation 8.3.21 becomes:

V =V0 cosωt: ð8:3:22Þ

We will not worry about the transient case a short time
after the source voltage is turned on, but concentrate on the

Fig. 8.6 Voltage drop and current build-up through an inductor. Fig. 8.7 Oscillatory voltage described by V = V0cos(2πft).
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steady-state solutions. Applying Equation 8.3.22 for V to
the circuit in Fig. 8.3, Equations 8.3.6–8.3.8 still apply.
However, V is no longer constant, so that:

dV
dt

=
dVR

dt
+
dVC

dt
= −V0ωsinωt ð8:3:23Þ

in place of Equation 8.3.9 and so, using Equation 8.3.7:

R
dI
dt

+
I
C

= −V0ωsinωt: ð8:3:24Þ

To solve this, we will try a solution of

I = I0 cos ωt +φð Þ; ð8:3:25Þ

where ϕ allows for a possible phase difference between V
and I.

Substituting this into Equation 8.3.24 gives

−I0ωRsin ωt+φð Þ + I0 cos ωt +φð Þ
C

= −V0ωsinωt: ð8:3:26Þ

Expanding the functions of summed angles leads to

I0 ωRcosωtsinϕ +ωRsinωtcosϕ−
cosωtcosϕ−sinωtsinϕ

C

� �
=V0ωsinωt:

ð8:3:27Þ

At steady state, this must be valid for all values of t, so
that for t = 0, sin ωt = 0 and cos ωt = 1 so:

ωRsinϕ−
cosϕ
C

= 0: ð8:3:28Þ

That is,

cotϕ =ωCR; ð8:3:29Þ

giving

cosϕ=ωCR

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

1 +ω2C2R2

r
ð8:3:30Þ

and

sinϕ =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

1 +ω2C2R2

r
: ð8:3:31Þ

Substituting these into Equation 8.3.27 for a value of t
where sin ωt = 1 and cos ωt = 0, yields

I0 =
V0ωCffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 +ω2C2R2
p ; ð8:3:32Þ

and, using Equation 8.3.25,

I =
V0ωCcos ωt +ϕð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 +ω2C2R2
p : ð8:3:33Þ

This shows that the current varies at the same frequency
as the applied voltage, with an amplitude given by
Equation 8.3.32. The current, however, is not in synchro-
nism with the applied voltage – there is a phase difference
between them. This means that the variation in current
actually comes before the equivalent point in the cycle of
the voltage. This is illustrated in Fig. 8.8, where the varia-
tion of voltage and current is shown. It may, at first sight,
appear strange that the current actually seems to rise before
the voltage does, since we expect voltage to drive the cur-
rent, but we are considering only the steady-state case
and a lead of the voltage by the current of an angle ϕ could
just as easily be a lag of 2π – ϕ. This is shown in Fig. 8.8. In
mathematical terms, 2π is a full circle measured in radians
and is the same as 360� in more familiar terms.

There are a few things worth noting about this solution.
First, the quantity ωCR keeps coming up. This is the angu-
lar frequency of the applied voltage multiplied by the time
constant that appeared earlier in the dc case. So, if the fre-
quency were doubled and the capacitance halved, ωCR
would remain the same and the behaviour of the circuit
would also be the same. Equally, the resistance could be
halved, except that this would affect the amplitude of the
current, I0.

Secondly, for very high frequencies (large values ofωCR),
the circuit behaves as if the capacitor were not there at all.
The phase angle approaches zero (tan ϕ = 0) and the current
amplitude, I0 becomes V0/R. This is best seen by dividing
both top and bottom of the fraction in Equation 8.3.32
by ωCR:

I0 =
V0

R
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
ω2C2R2 + 1

q ; ð8:3:34Þ

Fig. 8.8 Current and voltage through a capacitor in series with a
resistor, showing phase shift.
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when it can be seen that the term 1/(ω2C2R2) becomes neg-
ligibly small compared to 1 for large values of ωCR.

At low frequencies, where ωCR is small, the current
is very low, as only a small current gets through the capac-
itor. The phase angle also becomes large, approaching
(π/2) (90�).

Lastly, the power consumed can be calculated using
Equation 8.3.2, as the product of the current and voltage
(IV). From Equations 8.3.22 and 8.3.25, this is

dW
dt

= I0V0 cosωtcos ωt +ϕð Þ; ð8:3:35Þ

which is

dW
dt

= I0V0 cos2ωtcosϕ−
sin2ωt

2
sinϕ

� �
: ð8:3:36Þ

This function varies periodically over time, but the aver-
age value over one or more complete cycles is normally rel-
evant. The second term in brackets alternates between
positive and negative values and so will average out as zero.
The first term can be written:

cos2ωtcosϕ =
1
2

cos2ωt + 1ð Þcosϕ: ð8:3:37Þ

Taking the steady part of this, the power consumption is

dW
dt

=
1
2
I0V0 cosϕ: ð8:3:38Þ

Substituting for I0 from Equation 8.3.32 and for cos ϕ
from Equation 8.3.30 gives

dW
dt

=
ω2C2R

2 1+ω2C2R2ð ÞV
2
0 : ð8:3:39Þ

For small values of ω, that is low frequencies, the power
consumption is small because the capacitor blocks most of
the current. At high frequency, current is maximised and
power is dissipated in the resistor.

This is quite a complex calculation for a very simple cir-
cuit, and more complicated circuits become even more dif-
ficult to anlayse. Help is, however, at hand in the form of
complex number theory.

8.3.6 Complex numbers

By employing the imaginary number j, defined as j =
ffiffiffiffiffiffiffi
−1

p
,

much of the complexity in handling oscillatory functions
can be avoided, allowing much more compact equations.
j is often designated i, especially in scientific and mathe-
matical applications; j avoids confusion with electric cur-
rent, for which i is also often used.

Using j, the square root of other negative numbers can be
defined. So, for instance, the square root of –4 is equal to j2

and, in general, the square root of –x is j
ffiffiffi
x

p
. It is usual to

write an imaginary number by preceding it with j.
A useful property of j is that

1
j
= − j: ð8:3:40Þ

Complex numbers have both a real and an imaginary
part andmake the invention of j really useful. The complex
number is defined as the sum of each part, so that a number
with a real part, a, and an imaginary part, b, is written as
a + jb.

Complex numbers are often represented as the x-
(abscissa) and y- (ordinate) values on a Cartesian graph as
shown in Fig. 8.9. This allows fairly simple algebraic
manipulation of two-dimensional data, so that a point at
(a,b) on a graph can be written as a + jb. The distance of this

point from the origin of the graph is
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 +b2

p
and this can

also be calculated using

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a + jbð Þ a− jbð Þ

q
=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2− j2b2

p
=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 +b2

p
; ð8:3:41Þ

since –j2 = +1.

The quantity
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 +b2

p
is referred to as the magnitude

or modulus of the complex number and may be writ-
ten a + jbj j.

For the purposes of analysing high-frequency electrical
circuits, the advantage of using complex numbers stems
from the following relation:

ejθ = cosθ + jsinθ; ð8:3:42Þ

where θ is an angle expressed in radians.

Fig. 8.9 Complex numbers represented on an x–y graph.
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This property also means that any complex number can
be expressed in terms of amagnitude and an angle. So, a + jb
can be written as follows:

a + jbj jejθ =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 +b2

p
cosθ + jsinθð Þ; ð8:3:43Þ

where tanθ = b=að Þ. This is also illustrated in Fig. 8.9.
This allows simple combination of oscillating functions

using the rules of power multiplication (e.g. xa × xb = xa +b).
At the end of the calculation, the real part of the solution is
used. Circuit elements like capacitors and inductors can be
treated in this representation as having an imaginary
impedance and then combined in the usual way for resistor
networks. A capacitor has an impedance of 1/jωC and an
inductor jωL.

For the simple case of a capacitor and resistor in series,
treated earlier, the pair will have a complex impedance, Z,
given by

Z =R +
1

jωC
: ð8:3:44Þ

The voltage source can be represented as follows:

V =V0ejwt; ð8:3:45Þ

and so the analogue of Ohm’s law becomes:

I =
V
Z

=
V0ejωt

R+
1

jωC

=
V0ejωt

R2 +
1

ω2C2

R−
1

jωC

� �
; ð8:3:46Þ

where both top and bottom of the fraction were multiplied

by R− 1
jωC

� �
.

Using the definition in Equation 8.3.43,

R−
1

jωC
= ejϕ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 +

1
ω2C2

r
; ð8:3:47Þ

where

tanϕ =
1

ωCR
or cotϕ =ωCR: ð8:3:48Þ

Then Equation 8.3.46 becomes

I =
V0ej wt +ϕð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 + 1

ω2C2

q ; ð8:3:49Þ

or, expanding ei(ωt+ϕ) and multiplying top and bottom of the
fraction by ωC,

I =
V0ωC cos ωt +ϕð Þ+ jsin ωt+ϕð Þ½ �ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 +ω2C2R2
p ; ð8:3:50Þ

and taking the real part of the solution only, we obtain

I =
V0ωCcos ωt +ϕð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 +ω2C2R2
p ; ð8:3:51Þ

which is the same as Equation 8.3.33.
This is slightly simpler than the process used to derive

the solution leading to Equation 8.3.33.
Note also that the phase difference between current and

voltage arises naturally in this formulation, rather than
having to be introduced as a trial function and justified
afterwards.

The use of complex numbers has several advantages.
The process of solution becomes relatively much simpler
with increasingly complex circuits than with the kind of
methodology first used. It also allows for the combination
of different circuit elements according to their complex
impedance, and it extends easily to wave transmission.

8.3.7 Lossy dielectrics

So far, we have considered only perfect capacitors and, by
implication, dielectrics. While pure water is a good insula-
tor, soil solution is not andwet soil has appreciable conduc-
tivity, making it a far from perfect dielectric. Such a
medium is often called a lossy dielectric. This violates
one of the basic assumptions underlying capacitors – that
they are filled with insulating material. The way to handle
this is to think of the lossy capacitor as a perfect capacitor
in parallel with a resistor, as shown in Fig. 8.10.

The impedance of this combination is calculated simi-
larly to the resistance of two resistors in parallel:

1
Z

=
1
R
+ jωC: ð8:3:52Þ

It is usually easier to think of this parallel resistor in
terms of its conductance, G = 1=Rð Þ, the reciprocal of its

Fig. 8.10 Capacitor with a lossy dielectric modelled as a perfect
capacitor in parallel with a resistor.
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resistance, and the capacitor by its susceptance (jωC) to
give an overall admittance, Y = 1=Zð Þ, of the combination
in Fig. 8.10 of G + jωC. As we might expect from the anal-
ysis of a resistor in series with a capacitor, the conductance
will start to have an appreciable effect on the behaviour of
the circuit when G becomes comparable with ωC. This
means that the higher the frequency, the less influence G
will have. This is a very important issue in measurement
of water content by dielectric devices and causes different
kinds of device to behave differently with changing conduc-
tivity of the soil.

8.3.8 Complex permittivity

The literature on dielectricmeasurements frequently refers
to complex permittivity and its imaginary part. In reality,
there is nothing imaginary at all about permittivity, but
the language is borrowed from the theory of imaginary
numbers and the complex representation of circuit compo-
nents in ac circuits, as described in the previous section.

To understand this, think about a conventional parallel-
plate capacitor in parallel with a conductance, G (or resist-
ance, R), as shown in Fig. 8.10. As stated before, this has a
capacitance of C = εA=dð Þ, and a conductance G = σA=dð Þ,
where σ is the conductivity of the medium. Note that the
geometric factor for capacitance and conductance is the
same. σ is usually measured in siemens per metre (S m–1).
A siemen is the reciprocal of an ohm (i.e. 1 S = 1=1 Ωð Þ).
Thus the admittance of the lossy capacitor is

Y =G + jωC =
A
d

σ + jωεð Þ: ð8:3:53Þ

We could equally well represent this as the admittance
of a single capacitor with a complex permittivity:

Y = jω
A
d
ε∗; ð8:3:54Þ

where

ε∗ = ε +
σ

jω
: ð8:3:55Þ

Or, since 1=jð Þ = − j

ε∗ = ε−
jσ
ω
: ð8:3:56Þ

In this way of looking at it, ε is the real part of the com-
plex permittivity and − σ=ωð Þ is the imaginary part. It is
more usual, however, to designate the complex permittiv-
ity as ε, with real and imaginary parts ε0 and ε00, that is,

ε= ε0− jε00: ð8:3:57Þ

Relaxation processes may also contribute to the imagi-
nary part of the permittivity, so that

ε00 =
σ

ω
+ ε00relax: ð8:3:58Þ

Relaxation occurs when the dipoles are unable to keep
up with variations of the electric field and the response
lags behind the field changes. At low frequency, the
dipoles can easily align with the field variations and so
the permittivity will be the same as in a static field, εs.
At very high frequencies, the dipoles are hardly able to
respond at all to variations of the field and so contribute
very little to the permittivity, which has a value desig-
nated ε∞. In between these two, as the frequency increases
from a low value, the dipoles start to lag slightly behind
the field variations and their amplitude of movement will
be slightly less than in the low frequency case since the
field reverses before they attain complete alignment. As
the frequency increases further, the dipole alignment lags
further behind the field and the amplitude reduces further.
In many ways, this mirrors the response of the resistor –
capacitor combination, described in Section 8.3.5, where
the resistor both reduced the amplitude of the current
and caused it to become more out of phase with the volt-
age. In a similar way, we can characterize the response of
the dielectric to frequency by using a relaxation time, τr, as
a measure of the time taken for the dipoles to come into
alignment with the field.

The simplestmodel is calledDebye relaxation, inwhich
the permittivity can be expressed as follows:

ε = ε∞ +
εs−ε∞
1− jωτr

: ð8:3:59Þ

Or

ε= ε∞ +
εs−ε∞
1 +ω2τ2r

+ j
εs−ε∞ð Þωτr
1 +ω2τ2r

: ð8:3:60Þ

For small values of ω, this reduces to εs and for large ω to
ε∞. In both cases, the imaginary part of the permittivity
tends to zero. However, at intermediate values of ω, there
is a transition between εs and ε∞. The imaginary part of ε
also becomes appreciable, reaching a maximum at the
point where ω = 1=τrð Þ.

This is illustrated in Fig. 8.11, where it can be seen that
the imaginary permittivity extends over a frequency range
from aboutω = 0.1/τ toω = 10/τ. The peak value of the imag-
inary permittivity is εs−ε∞ð Þ=2.

It might be expected that the permittivity at high fre-
quency, ε∞, would be equal to the permittivity of free space.
This is not the case because there are other interactions
between the electromagnetic wave and atoms in both the
soil fabric and the water with very much higher relaxation
frequencies. Other relaxation mechanisms also operate to
produce imaginary components of the permittivity and so
the situation is more complicated than described here
and only partially understood for a complex system
like soil.

110 CHAPTER 8

FOR REFERENCE PURPOSES ONLY



8.4 The Relationship between Soil Water Content
and Permittivity

Soil is a complex substance, consisting of many materials,
having different shapes, sizes and degrees of organisation.
Somematerials, for example clay platelets and some organic
molecules, are either inherently polarised or easily so. The
soil itself, therefore, may have a high permittivity. Fortu-
nately, most of these substances are physically quite large
bymolecular standards and cannot, therefore, easily respond
to the field reversals of high frequency electromagnetic fields
(i.e. they have a low relaxation frequency), so that at frequen-
cies above about 10 MHz they contribute little more to the
overall relative permittivity of the soil fabric, which is usu-
ally in the region of 4 or 5. This phenomenon does, however,
reinforce the case forworking at high frequency tomake reli-
able measurements of permittivity.

Water in soil may behave differently from bulk liquid
water when exposed to electromagnetic radiation. It is usu-
ally present in relatively small pores where the interfacial
area, whether with solid substances or air is large compared
with the total volume. Because the structure of water in
these zones differs from that of the bulk liquid, we can
expect that this has an appreciable influence on the dielec-
tric properties of the medium as a whole. As mentioned in
Section 8.2, clays are believed to immobilise the first few
layers of water and produce a dielectric behaviour similar
to that of ice, while the top skin of water in contact with
air is denser than that of the bulk liquid and hence is also
expected to have different physical properties, including
permittivity.

The shape and arrangement of soil particles and water
will also have an effect. As a consequence, the permittivity
of a mixture of a number of components of dissimilar per-
mittivity is not a simple weightedmean value of that of the
individual components. A material of high permittivity
embedded in one of lower permittivity and subject to an
electric field will tend to steer the lines of electrical force
towards and inside it. Figure 8.12 shows the effect of a

high-permittivity sphere in a low permittivity medium
on the lines of the electrical field. The field, therefore, is
not uniform at the scale of particles and pores and is con-
centrated in some parts while other parts are partially
shielded from it.

Several theories have been developed to calculate the
effective permittivity of mixtures of dielectrics. These
are, generally, applicable only to two-component sys-
tems, where one component is quite dilute, and to sim-
ple shapes (e.g. ellipsoids) of the embedded component.
By contrast, soil is an at least three-component system;
the shape of all components is almost never regular;
their size and orientation, while not necessarily random,
is not easily described in a simple way, and the propor-
tion of most components is rarely so small that it can be
described as dilute. Nevertheless, the results of such
theories help in understanding some of the beha-
viour found.

It is clear from this discussion that there is unlikely to be
a simple way to predict the permittivity of a medium such
as soil from first principles and that a pragmatic approach to
finding a relationship between permittivity and water con-
tent is necessary. The following observations provide
a guide:
• The permittivity of soil water is likely to be close to that
of bulk water in coarse-textured soils, which have a rela-
tively small interfacial area, and in soils low in clay and/
or organic matter, which are believed to restrict the mobil-
ity of water molecules.

Fig. 8.11 Real and imaginary permittivity variation with
frequency with Debye relaxation.

Fig. 8.12 Electric field lines around a sphere of higher permittivity
in a low permittivity medium subjected to an initially uniform
electric field.
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• The permittivity of the solid portion of soil does not vary
greatly, leading to only small differences between soils
caused by their mineralogy.
• The disordered nature of most soils is likely to act as a
homogenising factor between the relationships for different
soils.

We expect, therefore, that, while the relationship
between permittivity and water content will not be the
same for all soils, there is unlikely to be a large spread of
different relationships.We shall see later that this is mostly
realised in practice.

8.4.1 Measured calibration curves

In the absence of a firm theoretical basis for relating permit-
tivity towater content,most researchers use empirical cali-
brations. The general principles are much the same as has
already been described for neutron probe calibrations
(Section 7.7). The investigator should, however, be aware
of some additional points:
• The volume sampled by most dielectric devices is much
smaller than that for the neutron probe. This is likely to
increase the difficulty of field calibration, since it is usu-
ally necessary to sample a volume of soil comparable to
that which contributes to the measurement. Smaller
volumes mean greater difficulty in ensuring an accurate
volume for the sample and demand greater precision in
most other aspects of the measurement. On the other
hand, the smaller range of measurement makes laboratory
calibration much easier than for a neutron probe, as the
quantity of soil needed is very much smaller. Calibration
can often be performed in a large beaker, rather than a
large drum.

A possible exception to this advantage is TDR, which
usually integrates over an approximately cylindrical vol-
ume of length 150–500 mm, but a diameter of about
100mm.
• The small volume sampled by the device means that
there is often a large spatial variability attached to
the measurements, as the volume is not as large as the
Representative Elementary Volume (see Sections 4.1
and 5.1).
• All the common methods for dielectric measurement of
soil water content are affected in different ways by the
imaginary part of the permittivity (electrical conductivity
and relaxation effects). Additionally, some devices work
at a single frequency, while others employ a wide range
of frequencies. Taken together, thesemean that the permit-
tivity measured by one device may well be different from
that indicated by another for the same sample of soil. In
most cases, therefore, it is not possible to transfer the rela-
tionship between permittivity and water content found by
one method to a different type of instrument. For this rea-
son, it has long been recognised that each method yields an
apparent permittivity (Topp et al., 1980), rather than a
true value.

There are two basic approaches to calibration.
The first is purely pragmatic, with the primary objective

to obtain a good estimate of the water content, expressed as
a function of apparent permittivity (or, in some cases, of
some lesswell-defined instrument output). A very common
example is that of Topp et al. (1980), who found that the
expression

θ = −0:0530 + 0:0292εr−0:00055ε2r + 0:0000043ε
3
r ð8:4:1Þ

described the relationship very well for four mineral soils
using TDR.

The other approach uses a relationship in terms offfiffiffiffi
εr

p
and may also incorporate terms in dry bulk density

and clay content (e.g. Ledieu et al., 1986; Malicki
et al., 1996).

While an expression like that of Equation 8.4.1 provides
a convenient calibration relation, it is valid only for the
range of water content over which data were collected. It
is not always possible to obtain calibration data over the
complete range of water content experienced, so that if
the expression has unexpected behaviour outside the range
of the calibration data, gross errors may occur. This is illus-
trated in Fig. 8.13, in which six calibration equations have
been plotted. It is seen that, for two of them, predicted
water content increases rapidly above θ = ~0.45 m3 m–3.
This does not appear plausible, especially when values of
more than 1 are predicted. Water content above 0.45 m3

m–3 may be unusual, but is by no means impossible, espe-
cially in soils of low bulk density.

Figure 8.13 also illustrates fairly wide variations in pre-
dicted water content at more common water contents. All
data shown in Fig. 8.13 were obtained using TDR, although

Fig. 8.13 A selection of published calibration equations relating
volumetric water content to apparent relative permittivity.
Topp Mineral Soil & Topp Organic Soil (Topp et al., 1980)
and Jacobsen & Schjønning (Jacobsen & Schjønning, 1993) are
polynomial equations in apparent relative permittivity, while
Ledieu (Ledieu et al., 1986), Malicki (Malicki et al., 1996) and
Whalley (Whalley, 1993) are all linear in √εr with different ways
of accounting for variations in dry bulk density. All equations
calculated for a dry bulk density of 1400 kg m−3.
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the equipment and experimental methodology varied
slightly between investigators.

A fairly naïve argument suggests that the square root of
the composite relative permittivity, εr, of amixture, such as
soil, should be the sum of the square root of the relative per-
mittivity of each individual component weighted by the
proportion of each component. This is sometimes known
as the refractive index model (Whalley, 1993). Thus this
model predicts

ffiffiffiffi
εr

p
= fs

ffiffiffiffiffiffi
εsr

p
+ θ

ffiffiffiffiffiffiffi
εwr

p
+ 1− fs−θð Þ ffiffiffiffiffiffi

εar
p

; ð8:4:2Þ

where
fs is the proportion of solid material by volume;
εsr is the relative permittivity of the solids;
θ is the proportion of water by volume;
εwr is the relative permittivity of the water;
1 – fs – θ is the proportion of air by volume (since all propor-

tions must add up to 1) and
εar is the relative permittivity of air.

The relative permittivity of water is close to 81, and soffiffiffiffiffiffiffi
εwr

p ≈9 and
ffiffiffiffiffiffi
εar

p ≈1. If we also assume a particle density, ρs
of 2.56, fs =

ρd
ρs
. Using these figures, Equation 8.4.2 becomes

ffiffiffiffi
εr

p
=

ρd
2:56

ffiffiffiffiffiffi
εsr

p
−1ð ÞÞ + 8θ + 1: ð8:4:3Þ

Alternatively,

θ = 0:125
ffiffiffiffi
εr

p
−

ρd
2:56

ffiffiffiffiffiffi
εsr

p
−1½ �−1

� �
: ð8:4:4Þ

εsr is usually in the region of 5 or 6, so that
ffiffiffiffiffiffi
εsr

p
−1 is

about 1.28, leading to the following:

θ≈0:125
ffiffiffiffi
εr

p
−0:063ρd−0:125: ð8:4:5Þ

This has been found to be reasonably close to experi-
mentalmeasurements in sandy soils, with low surface area,
which have a slope in the range 0.111–0.125 (Whalley,
1993); but in clayey soils, the slope may be much smaller
(White et al., 1994), suggesting that the effective relative
permittivity is smaller than 81. Over the range of volumet-
ric water content up to 0.4 m3 m–3, the Topp curve approx-
imates very closely to this form, with a slope 0.111–0.118
(White et al., 1994; Ferré et al., 1996).

8.5 Transmission Lines

Most dielectric methods for measurement of soil water
content rely on the properties of transmission lines. These
are usually envisaged as two parallel metal rods embedded
in a dielectric medium, which is the simplest practical
arrangement to relate the speed of travel to permittivity.

Figure 8.14 shows schematically a transmission line
embedded in amediumwith permittivity, ε and amagnetic

permeability μ. Each unit length of the line has a capaci-
tance, gε and an inductance, μ/g. g is the geometric factor
introduced in Section 8.1, although here it refers to a unit
length of line, rather than the whole electrode combina-
tion. It is a function of the size and arrangement of the rods.
For two parallel rods of diameter, a, separated by a distance
d, g is given by:

g =
π

ln d
a +

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d
a

	 
2
−1

q� � : ð8:5:1Þ

To progress further, we imagine an electrical wave trav-
elling along the line with velocity, v as shown in Fig. 8.15.

The variation of the voltage and current at one point, say
x = 0, can be represented by

V x = 0ð Þ =V0ejωt; ð8:5:2Þ

and

I x = 0ð Þ = I0ej ωt+φð Þ; ð8:5:3Þ

Fig. 8.15 Wave propagation along a 1 m length of transmission
line. The wave has a frequency of 100 MHz and a speed, v, of 108 m
s−1, so that it travels 0.1 m in 1 ns. The curves have the
equation A= cosω t−x

v= Þð , where ω = 2π × 108 s−1. (See insert for
colour representation of the figure.)

Fig. 8.14 Schematic transmission line embedded in a medium,
connected to an alternating voltage source, V.
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where there is phase difference of ϕ between them.
The wave will take a time x/v to travel a short distance,

x, along the line, so we expect the same conditions there to
be experienced at time t + x/v. To put it another way, the
conditions at point x at time t are the same as at x = 0 when
t = t – x/v (see Fig. 8.15). A wave travelling along the line
can, therefore, be represented as follows:

V =V0ejω t−x
vð Þ: ð8:5:4Þ

And

I = I0ejω t−x
vð Þ + jϕ: ð8:5:5Þ

We also consider the electrical conditions on one small
segment of line of length δx as shown in Fig. 8.16a.This has
a capacitance, Cδx = gεδx and an inductance, Lδx = (μ/g)δx.
Here,C and L are the capacitance and inductance of the line
per unit length. The whole line can be envisaged as a very
large number of these short segments joined end to end as
shown in Fig. 8.16b.

The rate at which charge is accumulated in this small
capacitance is given by the difference in current flowing
in at one end and out at the other, that is I(x) – I(x + δx).
So, as in Equation 8.3.7 and using Cδx in place of C, we
obtain the following:

Cδx
∂V
∂t

= I xð Þ−I x + δxð Þ: ð8:5:6Þ

And as in (8.3.16) for the voltage,

Lδx
∂I
∂t

=V xð Þ−V x + δxð Þ; ð8:5:7Þ

where the partial differentials signify that x does not vary
when considering the variation with time.

Now, Equation 8.5.6 can be written as follows:

C
∂V
∂t

=
I xð Þ−I x + δxð Þ

δx
: ð8:5:8Þ

And as δx becomes very small:

I xð Þ−I x + δxð Þ
δx

! −
∂I
∂x

: ð8:5:9Þ

So

C
∂V
∂t

= −
∂I
∂x

ð8:5:10Þ

Similarly, Equation 8.5.7 gives

L
∂I
∂t

= −
∂V
∂x

: ð8:5:11Þ

Now, using Equations 8.5.4 and 8.5.5 to describe the
current and voltage at position x, the partial differen-
tials of V and I with respect to time can be written
as follows:

∂V
∂t

= jωV0ejω t−x
vð Þ + jϕ = jωV: ð8:5:12Þ

And similarly,

∂I
∂t

= jωI: ð8:5:13Þ

Substituting these into Equations 8.5.10 and 8.5.11
leads to

− jωCV =
∂I
∂x

ð8:5:14Þ

and

− jωLI =
∂V
∂x

: ð8:5:15Þ

Differentiating Equation 8.5.15 with respect to x and
substituting for ∂I=∂xð Þ from (8.5.14) into it leads to

∂2V
∂x2 = −ω2LCV: ð8:5:16Þ

This has a solution:

V = V1e− jωxv +V2ej
ωx
v

	 

ejωt; ð8:5:17Þ

with

Fig. 8.16 (a) Current and voltage at each end of a segment of
transmission line of length δx. (b) The line envisaged as a series
of inductors and capacitors.
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v2 =
1
LC

=
1

μ

g
gε

=
1
με

: ð8:5:18Þ

To see what this means, we can write the first term on
the right hand side of Equation 8.5.17 as V1e−jω x

v −t= Þð .
This expression is similar to Equation 8.5.4 and so

describes a wave travelling in the x direction with a speed
of v.

Using the same argument, the second term describes
a wave travelling in the opposite direction with the
same speed.

So the waves travel with speed 1=
ffiffiffiffiffi
με

p
. The speed of

light in free space, c, is 1= ffiffiffiffiffiffiffiffiffi
μ0ε0

p , hence the speed in the
medium is

v =
cffiffiffiffiffiffiffiffi
μrεr

p : ð8:5:19Þ

And, since μr is very close to 1 in almost all cases in
which we are interested:

v =
cffiffiffiffi
εr

p : ð8:5:20Þ

The speed of the wave, therefore, is equal to the speed of
light in free space divided by the square root of the relative
permittivity of the medium.

This is independent of the geometrical details of the sys-
tem, for instance the diameter or spacing of the rods, embo-
died in the parameter, g. In practice, this means that the
wave speed is not sensitive to minor – or even major –

departures from parallelism of the rods. For instance,
Stein & Kane (1983) investigated line configurations in
which the rods converged and diverged from one another,
including one where they were not in the same plane,
and found no effect on travel time. In stony soils, in partic-
ular, it is very likely that rods will not stay parallel to one
another.

8.5.1 Characteristic impedance

The current in the line can be found by substituting V from
Equation 8.5.17 into Equation 8.5.15:

I =
1
vL

V1e
− jωxv −V2e

jωxv
� �

ejωt: ð8:5:21Þ

Or, using Equation 8.5.18 for v,

I =

ffiffiffiffi
C
L

r
V1e

−jωxv −V2e
jωxv

� �
ejωt: ð8:5:22Þ

This describes a relationship between the current and
voltage in which

ffiffiffiffiffiffiffiffiffi
L=C

p
has the form of an impedance

and is a real quantity, that is it appears to be resistive.

However, in our perfect transmission line, there are only
capacitors and inductors, neither of which dissipates
energy. This seems, therefore to be paradoxical. If, how-
ever, we think of the wave travelling down a long trans-
mission line some short while after switching on the
alternating voltage at one end, thewave has travelled a dis-
tance determined by the speed of the wave, v. Beyond that
point, there is no current or voltage, and hence no energy is
stored in the inductance or capacitance of the line. As the
wave reaches this point, energy starts to be stored in the
line. So although the line appears to be a resistor to an
alternating voltage source at the end, it is actually carrying
energy down the line to ever-increasing distance from
the source end.

The value of this apparent resistor is called the charac-
teristic impedance of the line, Z0. Its value is

Z0 =

ffiffiffiffi
L
C

r
=

ffiffiffiffiffiffiffi
μ

g2ε

r
: ð8:5:23Þ

This is not independent of either the medium or the
geometrical arrangement of the line. It can be expressed
in relative permittivity terms as

Z0 =
1
g

ffiffiffiffiffi
μr
εr

r ffiffiffiffiffi
μ0
ε0

r
'; ð8:5:24Þ

where
ffiffiffiffiffiffiffiffiffiffiffiffi
μ0=ε0

p
is the characteristic impedance of free space

and equal to approximately 120π Ω or 377 Ω.

8.5.2 Finite length line

In practice, transmission lines are never infinitely long and,
in the applications we are concerned with, quite short –

usually less than, and often much less than, 1 m. This
has a strong effect on the behaviour of the line.

Consider the situation depicted in Fig. 8.17, where the
transmission line is terminated at position x = l by a
load, ZL, with real and imaginary parts RL and XL. The volt-
age and current at x = l are given by Equations 8.5.17
and 8.5.22

V lð Þ= V1e
− jωlv +V2e

jωlv

� �
ejωt ð8:5:25Þ

Fig. 8.17 Transmission line terminated with a load, ZL.

115Dielectric Methods

FOR REFERENCE PURPOSES ONLY



and

I lð Þ =
ffiffiffiffi
C
L

r
V1e

−jωlv −V2e
jωlv

� �
ejωt =

1
Z0

V1e
− jωlv −V2e

jωlv

� �
ejωt

ð8:5:26Þ

since Z0 =
ffiffiffiffiffiffiffiffiffi
L=C

p
(Eq. 8.5.23).

But the voltage and current at x = l must also be related
to the load impedance, ZL:

I lð Þ= V lð Þ
ZL

: ð8:5:27Þ

So

V1e
− jωlv −V2e

jωlv

Z0
=
V1e

−jωlv +V2e
jωlv

ZL
: ð8:5:28Þ

This can be rearranged to give

V2

V1
=
ZL−Z0

ZL +Z0
e−j2ωlv : ð8:5:29Þ

The term e−j2ωlv determines the phase difference
between the outgoing and incomingwave. It does not affect
the magnitude of V1 and V2, since

e−j2ωlv

����
���� = 1: ð8:5:30Þ

V2/V1 is called the reflection coefficient. It is the ratio of the
voltage of the reflected wave (i.e. the one coming back) to
that of the outgoing wave.

Four situations are of interest for measurements in soil.
• The first of these occurs where the load impedance is
equal to the characteristic impedance of the line. In that
case, Z0 is equal to ZL and, according to Equation 8.5.29,
the reflection coefficient and, hence, the amplitude of the
reflected wave is zero and all of the voltage from the source
is transmitted to the load. The line and load are said to be
matched. Voltage sources have an output impedance, that
is they behave as though they are an alternating voltage in
series with an impedance, as shown in Fig. 8.17. The same
principle applies whether the signal goes from a transmis-
sion line to a load or from a source to a transmission line.
TDR instruments usually have an output impedance of
50Ω, with no imaginary part, so that feeding the signal into
a coaxial transmission line cable with a characteristic
impedance of 50 Ω via a high-quality connector ensures
that almost all of the signal is fed to the cable.
• In the second situation, the line has no termination. It is
said to be open circuit. In this case, ZL is infinite and the
reflection coefficient, from Equation 8.5.29 is 1, and there
is no phase difference between the two waves at the end.
This is the most common situation encountered in soils.

• The third situation is that of a short circuit of the
line, with ZL equal to zero. In this case, Equation 8.5.29
shows that the reflection coefficient equals –1, which is,
again, complete reflection, with, in this case, a phase
change of π.
• Lastly, we have seen that a long length of line appears as a
resistance with a value equal to the characteristic imped-
ance of that piece of line. A junction between two transmis-
sion lines of different characteristic impedance, therefore,
also produces a reflection of the same magnitude as
that between one line and a load equal to the characteristic
impedance of the second line, as given by Equation 8.5.29.
In this case, ZL would be the characteristic impedance of
the second section of line. If the reflection coefficient is
too large, then very little of the original voltage wave will
be transmitted to the second length of line, which may
cause problems where, for instance, a connecting cable is
joined to a transmission line. The returning signal will also
be reflected at this junction (with the same magnitude of
reflection coefficient – Equation 8.5.29), meaning that even
less of this gets through.

8.5.3 Short lines

The previous section described the conditions at one end
of the line (x = l), where it is terminated by a load. But
how does this affect conditions seen from the other end
(x = 0), particularly if the line is a short one? This is partic-
ularly important for capacitance and other devices, which
are often short transmission lines.

Equation 8.5.29 describes the relationship between V1

and V2 as a function of the line characteristic impedance,
Z0 and the load impedance, ZL. These were derived for a
position on the line designated as x = l. Equations 8.5.17
and 8.5.22 are expressions for the voltage and current at
any point, x. Inserting a value for the voltage of the reflected
wave, V2, from Equation 8.5.29 into these two equa-
tions gives

V xð Þ =V1 e−jωxv +
ZL−Z0

ZL +Z0
ej

ω x−2lð Þ
v

� �
ejωt ð8:5:31Þ

and

I xð Þ = V1

Z0
e−jωxv −

ZL−Z0

ZL +Z0
ej

ω x−2lð Þ
v

� �
ejωt; ð8:5:32Þ

where Z0 has again been substituted for
ffiffiffiffiffiffiffiffiffi
L=C

p
.

V and I at the input end of the line is given by these equa-
tions with x = 0. The line of length l appears from this point
as an impedance, Z(l), of value

Z lð Þ= V 0ð Þ
I 0ð Þ =Z0

ZL +Z0ð Þejωlv + ZL−Z0ð Þe− jωlv

ZL +Z0ð Þejωlv − ZL−Z0ð Þe−jωlv

0
@

1
A: ð8:5:33Þ
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Using the definition of ejθ from Equation 8.3.42, this can
be expressed as follows:

Z lð Þ =Z0

ZL cos
ωl
v

� �
+ jZ0 sin

ωl
v

� �

Z0 cos
ωl
v

� �
+ jZL sin

ωl
v

� �
0
BB@

1
CCA: ð8:5:34Þ

For the open-circuit case, ZL ! ∞ and Z0=ZLð Þ!0, so
dividing both top and bottom of the right hand side by
ZL, this becomes:

Z lð Þ = Z0

jtan
ωl
v

� � : ð8:5:35Þ

The line therefore behaves as an imaginary load for all
values of l, in marked contrast with the infinite line. How-
ever, its character changes as l increases or decreases. For

small values of
ωl
v
, tan

ωl
v

� �
≈
ωl
v
. Substituting for Z0 from

Equation 8.5.23 and v from (8.5.18), we obtain

Z lð Þ≈ 1
jωCl

; ð8:5:36Þ

that is the line behaves as a capacitor of value Cl. This is
what would be expected for two short rods and is the basis
for treating the short, parallel electrodes of several dielec-
tric devices as a simple capacitor, when in reality they
are short transmission lines.

It is convenient to express the length of the line in terms
of the wavelength of the wave. This is the length of line
occupied by one oscillation (see Fig. 8.15, where the wave-
length is 1 m). In the time taken for one complete oscilla-

tion
1
f
=
2π
ω
, the wave travels a distance equal to one

wavelength, λ, so that

λ =
v
f
=
2πv
ω

: ð8:5:37Þ

Equation 8.5.35 can therefore also be written as follows:

Z lð Þ = Z0

jtan
2πl
λ

� � : ð8:5:38Þ

And Equation 8.5.36 is valid when the line is short com-
pared with the wavelength.

The approximation of Equation 8.5.36 is correct within
1% for values of l/λ up to 0.027 (rod lengths of 81mm in air,
16 mm in a medium with εr = 25 and 9 mm in water at a
frequency of 100 MHz), within 5% for values of l/λ up to
0.060 (rod lengths of 181 mm in air, 36 mm in a medium
with εr = 25 and 20mm in water) and within 10% for values
of l/λ up to 0.083 (rod lengths of 250 mm in air, 50 mm in a
medium with εr = 25 and 28 mm in water).

Longer lines still have a capacitive character (i.e. the
relationship between current and voltage is such that
the phase of the current is π/2 ahead of the voltage). How-
ever, the apparent value of the capacitance increases faster
as the line gets longer, until it tends to infinity as the line
length approaches λ/4, that is the line behaves as a short
circuit. Figure 8.18 illustrates the behaviour for three dif-
ferent lengths of line. At even longer lengths, the line
becomes inductive, initially with small values of the
apparent inductance, but increasing as the line becomes
longer.

For lines that are shorter than λ/4, Equation 8.3.35,
together with Equation 8.5.24, leads to an apparent capac-
itance, C∗, of

C∗ =
1

jωZ lð Þ =
ffiffiffiffi
C
L

r
tan ωl

ffiffiffiffiffiffiffiffiffiffiffiffiffi
εrε0μ0

p	 

ω

=
g
ω

ffiffiffiffiffiffiffiffi
εrε0
μ0

r
tan ωl

ffiffiffiffiffiffiffiffiffiffiffiffiffi
εrε0μ0

p	 

:

ð8:5:39Þ

Alternatively, the apparent relative permittivity, ε∗r is
as follows:

ε∗r =
C∗

ε0gl
=

1
lω

ffiffiffiffiffiffiffiffiffi
εr

ε0μ0

r
tan ωl

ffiffiffiffiffiffiffiffiffiffiffiffiffi
εrε0μ0

p	 

: ð8:5:40Þ

The effect of this is to make the capacitance apparently
larger than its true value, by an amount equal to that
shown in Fig. 8.18, and hence increase the sensitivity of
the probe.

It can be seen from Fig. 8.18 that for εr of 25 with a
100 mm long transmission line at a frequency of 100
MHz, the apparent εr, εr

∗, is 41% higher than εr, while at

Fig. 8.18 Relationship of the apparent to the actual permittivity
for a dielectric calculated from the capacitance of a short
transmission line embedded in themedium at 100MHz frequency.
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70 MHz it is overestimated by 23% and at 50 MHz by only
10%. Because Equation 8.5.40 involves ωl, having a shorter
line has the same effect as using a lower frequency; so keep-
ing the frequency at 100MHz, the overestimationwould be
23% for a 70 mm line and 10% for a 50 mm one.

8.5.4 Transmission lines in conductive
and dispersive media

As discussed in Section 8.3.7, soils are not perfect dielec-
trics, having conductivity as well as permittivity and
magnetic permeability. The conductors forming the trans-
mission line will also have some resistance. We will, how-
ever, confine ourselves to the situation of the dielectric
being lossy. The justification for neglecting the resistance
of the conductors is described later in Section 8.6.1.
The analysis is relatively straightforward and will not
be described in detail. As in Section 8.3.8, we replace
the capacitance, C, per unit length of the line in
Equation 8.5.6 and subsequent equations by a complex
quantity, C + G∗=jωð Þ, where G∗ is a combination of the
conductance per unit length, G (= gσ where σ is the electri-
cal conductivity of the medium) and the relaxation
effects, (gωε00relax).

The schematic equivalent circuit diagram of Fig. 8.16 is
modified in this case, as shown in Fig. 8.19.

Equations 8.5.14 and 8.5.15 become thus:

− jω C +
G∗

jω

� �
V =

∂I
∂x

ð8:5:41Þ

and

− jωLI =
∂V
∂x

: ð8:5:42Þ

Note that Equation 8.5.15 is unchanged, although if we
took into account the resistance of the conductors forming
the line, this would not be the case.

The speed of propagation of the wave is calculated in
the same way, giving

v =
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

LC− jLG∗
ω

q =
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

μ ε0− jε00ð Þp =
cffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ε0r− jε00r
p ; ð8:5:43Þ

which is complex. This can be interpreted by noting
that the propagation equations (8.5.17) involve ejωx/v. The
square root of a complex number, a + jb, is

ffiffiffiffiffiffiffiffiffiffiffiffi
a + jb

p
=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 +b2

p
+ a

2

s
+ jsgnb

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 +b2

p
−a

2

s
; ð8:5:44Þ

where sgn b is +1 if b is positive and –1 if b is negative.
Equation 8.5.17 becomes

V = V1e−αxe−jωx
v −V2eαxejω

x
v

	 

ejωt ð8:5:45Þ

with

α=
ω

c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε0r2 + ε00r 2

p
−ε0r

2

s
ð8:5:46Þ

and

v∗ =
cffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ε0r2 + ε00r 2
p

+ ε0r
2

s : ð8:5:47Þ

α is known as the attenuation coefficient, as it describes a
reduction in amplitude of the voltage wave with distance
along the line, by conduction between the two conductors,
and v∗ is now the velocity of the wave. It can be seen that
attenuation increases as ω increases. However, if the imag-
inary part of the permittivity is dominated by electrical
conductivity, then ε00r ≈ σ

ωε0
, which makes α less frequency

dependent, but also means that v∗ increases with fre-
quency. For instance, if we take εr = 20 and σ = 1 dS m–1,
α is 4.06 m–1 at ω = 109 Hz (f = 160 MHz), v∗ = 6.47 × 107

m s–1 and v∗/v = 0.96. At ω = 1010 Hz (f = 1.6 GHz), α =
4.21 m–1, v∗ = 6.71 × 107 m s–1 and v∗/v = 0.9996.

An imaginary component of the medium permittivity
will also affect the value of the equivalent component
of a short length of transmission line, described in
Section 8.5.3. The modification to take this into account
is in principle quite straightforward, involving the replace-
ment of εr in Equation 8.5.40 by a complex quantity,
εr = ε0r− jε

00
r . The mathematics is a little involved, but leads

to an expression for εr
∗ of

Fig. 8.19 Equivalent circuit diagram for a transmission line in a
conductive medium.
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ε∗r =
c
lω
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where |εr| has been used in place of
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε0 2r + ε00 2

r

p
.

The effect of this is illustrated in Fig. 8.20.
It can be seen from these figures that the effect of intro-

ducing an imaginary part of the permittivity is to reduce
slightly the apparent real part of the permittivity for a short
transmission line.

8.5.5 Summary of transmission line behaviour

Any smooth time-varying quantity can be representedmath-
ematically as the sumof a number of sinusoidal waves of dif-
ferent frequency. These are known as Fourier components.
• The speed at which an electromagnetic wave travels
along a transmission line is given by

v =
cffiffiffiffi
εr

p ; ð8:5:20Þ

where
c is the speed of light in vacuum and
εr is the relative permittivity of the medium in which the

line is embedded.

• A long transmission line appears as a resistance of value:

Z0 =
ffiffiffiffiffiffiffi
μ

g2ε

r
ð8:5:23Þ

• Junctions between transmission lines, between a trans-
mission line and a load or between a transmission line
and a short- or open-circuit, produce reflections of a wave
travelling along the line. If the impedance of each is very
different from one another, then little signal is transmitted
from one portion to the next.
• A short transmission line acts like a capacitor. If it is
short enough, the capacitance is equal to Cl, where C is
the capacitance per unit length of the line and l is its length
(Eq. 8.5.36). For longer lines, the apparent capacitance or
relative permittivity increases faster than l.
• The effect of increasing line length is the same as increas-
ing frequency.
• Electrical conductivity or relaxation effects introduce
an imaginary component to the medium permittivity. This
has the effect of attenuating a wave travelling along the line
and slowing it down a little, leading to an apparent increase
in the permittivity.

8.6 Practical Realisation of a Transmission Line
System – Time Domain Reflectometry

The concept behind this daunting name is quite simple.
The speed at which an electromagnetic wave travels
(or propagates) through a medium, such as soil, depends
mainly on the permittivity of the medium. By measuring
this speed, the permittivity may be inferred.

TDR is usually conducted by inserting two or more par-
allel metal rods into the soil and measuring the time taken
for an electrical pulse to travel the length of the transmis-
sion line so formed, reflect from the end, and return to the
beginning.

TDR is used extensively in the telecommunications
industry for detecting faults in electrical cables, which
are often buried in the ground. A telecommunications cable
is a transmission line, whose speed of transmission is usu-
ally known quite accurately. Metallic cable testers contain
a fast rise time pulse generator, which switches the voltage
applied to the transmission line from zero to a few hundred
mV in a few hundred picoseconds (ps). 1 ps = 10–12 s. It then
monitors the voltage over the next few microseconds to
detect a reflection from the point at which the fault lies.
The time taken for this to return is equal to twice the
distance to the fault divided by the speed of travel. The posi-
tion of the fault can then be pinpointed accurately without
the need for expensive exploratory excavation.

Early research into the use of TDR for measurement of
soil water content used these cable testers and many
researchers still do so. The principle is almost identical
to fault testing, except that the pulse return time is used
to estimate the speed of travel along a known length of line.

Fig. 8.20 Relationship of the apparent to the actual real part of the
permittivity of a dielectric calculated from the capacitance of a
100 mm transmission line at 100 MHz frequency embedded in a
medium with different imaginary parts.
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Figure 8.21 is a schematic diagram of the components of
a TDR system.

A timer controls a pulse generator to produce a fast
rise-time pulse, which is fed, via a coaxial cable and often
a balun transformer, to the transmission line, embedded
in the soil. The voltage at the terminals of the instrument
is displayed as a function of time, so that both the outgoing
and returning pulse can be detected. In practice, the process
is so fast that many pulses are launched into the line, and
the displayed graph is a composite of the voltage detected
at a different time following each pulse.

This output graph is similar to that shown in Fig. 8.22.
To interpret this, it should be borne in mind that the
voltage is measured at the terminals of the instrument
and not at any point on the transmission line.

At time t = 0, the fast rise-time pulse is applied. The volt-
age remains constant for a short time. However, after a time

tb/2, the pulse encounters the start of the transmission line
(PointA). Somemanufacturers put a small component here
to provide amarker. Even if this is not present, there is usu-
ally a sufficient impedance mismatch to cause a reflection
at that point, which allows the start of the line to be iden-
tified. The reflection propagates back along the connecting
cable, again taking a time tb/2 to reach the instrument and
so is detected at time tb. As the remainder of the pulse tra-
vels along the line, it may undergo a few partial reflections
caused by discontinuities in the soil or more diffuse reflec-
tions as a result of gradients of permittivity. When it
reaches the end of the line at time te/2 (Point B), the pulse
reflects back, reaching the detector at time te. The total
travel time along the rods is te – tb, but this is for the double
trip from the start of the line to the end and back again. The
average speed of travel, v, therefore, is given by

v =
2l

te−tb
; ð8:6:1Þ

where l is the length of the rods.
Because of attenuation, relaxation and partial reflections

along the line, the originally sharp pulse generally becomes
more indistinct as it travels to the end and back along the
line, so that identification of te becomesmore difficult with
longer lines and in conductive or dispersive media. The
usual way to identify the end point is to construct tangents
to the curve as shown in Fig. 8.22. The end point is taken
as the intersection of the two tangent lines. However, the
more indistinct the end point, the less confidence that
can be placed on the estimate of te. In nearly all applica-
tions, software is used to analyse the TDR curves auto-
matically. Commercial systems usually have in-built
proprietary software, and the details of exactly how the

Fig. 8.21 Schematic diagram of TDR instrument connected to a
transmission line embedded in the soil.

Fig. 8.22 Typical TDR trace in wet soil from parallel
transmission lines (Patterson & Smith, 1981). Point A is the
reflection from the start of the transmission line in the soil, while
Point B is that from the end. © 2008 Canadian Science Publishing
or its licensors. Reproduced with permission.
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analysis is performed are often not readily available. It is,
however, usually possible to save the raw waveform and
analysis of this can be done manually or using one of a
few public domain programs. Examples are TDRANA
(Heimovaara & de Water, 1993), WINTDR (Or et al.,
1998) and TACQ (Evett, 2000a, b). Putting together a sys-
tem by oneself is not difficult, although a cable tester is
expensive. The output from this can be used with one of
the public domain programs.

The theory in Section 8.5 was written in terms of a
single-frequency sinusoidal waveform. A pulse as described
here, where the voltage goes from zero to a steady value
almost instantaneously is clearly not sinusoidal. However,
anywaveform can be decomposed by using Fourier analysis
into a sumof sinusoidalwaves of different frequency. So the
step from zero to a steady value can be treated as being com-
posed of a large number of single-frequency waves. The
upper frequency can be estimated from the rise time of
the pulse. The popular 1502B and 1502C cable testers
(Fig. 8.23) have a quoted rise time from 10 to 90% of full
voltage of 200 ps. This corresponds to a frequency, f, of
about 1.75 GHz (Robinson et al., 2005). Fourier analysis
gives a theoretical power at each frequency varying as
1/f 2, so thatmost of the power available is at lower frequen-
cies. Friel and Or (1999) measured the power spectrum of a
TDR cable tester and confirmed that thiswas truewhen the
rods were in air. In deionised water and an electrolyte solu-
tion, there was less power at all frequencies, but especially
at higher ones. The lower frequencies, however, are sup-
pressed and the effective frequency bandwidth is from
about 20 kHz to 1.5 GHz (Heimovaara, 1994).

In many mineral soils, the permittivity is effectively
constant over this range of frequency (Jones et al., 2002),
and so a reliable measurement of permittivity can be
obtained by the method described earlier.

8.6.1 Probe design and construction

A number of features of a TDR probe can be varied to suit
different situations. Chief amongst these are the length,
arrangement, shape, material, cross-section, spacing and
coating of the rods. As in most other aspects of experimen-
tal design, the choice depends on compromises between
practicality and the ideal situation. Personal preference is
often an important, but little acknowledged, factor.

Length of probe
The length of probe depends on several factors, some
related to the objectives of the measurement programme,
while others to more practical aspects.

The orientation of installation is likely to be important.
In most cases, the output obtained from TDR gives a very
close approximation to the averagewater content of the soil
over the length of the probe. This is because the time taken
for the pulse to travel a set distance is proportional to

ffiffiffi
ε

p
and water content is also usually close to a linear function
of

ffiffiffi
ε

p
. The use of more sophisticated calibration equations

is unlikely to make any material difference to this fact.
The speed of the TDR pulse is extremely fast, even in

very wet soil, when it may be down to 5 × 107 m s–1. For
very short probes (<100 mm), the pulse will travel the
length of the probe and back in less than 4 ns; in dry soil,
it may be less than 2 ns. The rise time of the pulse is usu-
ally about 200 ps, which suggests that resolution of the
travel time is likely to be around this value at best. This
translates to about 4% by volume of water content. Longer
probes offer a proportionately longer travel time and,
potentially, a resolution almost inversely related to probe
length. So a 200 mm probe should allow about 2% by vol-
umemeasurement precision and 500mm about 1%. How-
ever, attenuation, partial reflection and dispersion effects
make the returning pulse both smaller in size and longer in
duration for long probes. It is difficult to generalise, but
a measurement precision of between 1 and 3% water
content by volume is a reasonable working estimate for
500 mm probes.

In clay, organic-rich and high electrical conductivity
soils, it may not be possible to obtain measurable reflec-
tions even for very short probes. For instance, Dalton and
vanGenuchten (1986) and Robinson et al. (2003) found that
the maximum length of rod at which reflections could be
measured with a soil solution conductivity of 6 dSm–1, cor-
responding to a bulk soil electrical conductivity of about
2 ds m–1, and near-saturated water content of 0.4 m3 m–3

was 200 mm.

Arrangement of the rods
Early experiments with TDR in the laboratory (Topp et al.,
1980) used coaxial cells, with the soil sample in a cylindrical
metal container, which formed one of the conductors or
‘rods’, the other being a central rod in the centre. This is
clearly an impractical arrangement for use in the field, and
sonearlyall earlyworkusedaconfigurationwith twoparallel
rodsofa fewmillimetresdiameter spacedabout50mmapart.

Fig. 8.23 Tektronix 1502C cable tester.
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For field use, the most popular arrangements are either
as two parallel rods or three placed in a row, as shown in
Fig. 8.24. Sometimes, four or even more rods are used,
arranged as a ring around a central conductor (Fig. 8.24).
In almost all cases where more than two rods are used,
the central rod is connected to the central conductor of
the coaxial cable from the TDR instrument and the outer
rods are all connected together and to the outer (shield) con-
ductor of the cable. For two-rod probes, the rods are con-
nected one each to the central conductor and to the
shield (however, see the following text).

The principal advantage of using three or more rods is
that the characteristic impedance of the arrangement is
much closer to that of the coaxial cable used (50 Ω). The
characteristic impedance varies with the water content
of the soil, but typical values for a two-rod probe with
5 mm diameter rods with their centres 50 mm apart,
are 5–15 Ω. The corresponding reflection coefficients
(Eq. 8.5.29) at the junction with the coaxial cable are 0.82
and 0.54, indicating that only 18–46% of the voltage signal
penetrates into the medium. For a three-rod probe with the
same diameter and spacing between the conductors, the
characteristic impedance is between 10 and 30 Ω, leading
to a reflection coefficient between 0.67–0.25 and 33–75%
of the signal penetrating the medium.

A two-rod probe arrangement is often referred to as
balanced, since both conductors are entirely equivalent
to one another and may be exchanged with no effect.
A coaxial arrangement is called unbalanced as there is a
fundamental difference between the centre and the outer
conductor, which usually has a second function as a shield
for stray electromagnetic radiation. This outer conductor is
normally connected to earth or ground to enhance its

shielding ability, although in modern electronics this is
becoming less common. In the case of soils, however, the
concept of balanced and unbalanced appears to be irrele-
vant, as all conductors are in contact with the ground and
the method relies on there being a voltage wave travelling
along both sets of conductors. By extension, there must be
a difference in voltage between the conductors and the
“ground” and within the “ground” itself. The important
distinction is the impedancemismatch between the instru-
ment and those conductors connected to it. Nissen et al.
(2003a) and Robinson et al. (2003) found no difference in
travel time using a two-rod probe, whichever conductor
was connected to the coaxial cable screen. However, both
sets of authors found some increase in noise when the
rod connected to the screen was immersed in water and
the other in air, compared with when they were the other
way around.

Most instruments are manufactured with an output
impedance of 50 Ω and a 50 Ω connecting cable and BNC
connectors are used to ensure minimal reflections at that
point. Connecting this cable to a three- or more- rod probe
produces an acceptable match inmost cases. However, this
may not be the case for a two-rod probe. The difficulty can
be dealt with by use of a balun, which is a word coined
from ‘balanced–unbalanced’ and is a small transformer
which has the effect of changing the apparent characteristic
impedance of a line to which it is connected according to
the ratio of the square of the number of turns on each side
of the transformer. Baluns are used extensively in elec-
tronic and radio applications and are easily and cheaply
available from electronic suppliers. They can also be made
easily using ferrite rings and lacquered wire. Instructions
are given by Spaans and Baker (1993).

In many instances, however, the use of a balun causes
more problems than it solves. The balun changes the fre-
quency content of the signal, attenuating higher frequen-
cies more than lower ones and increasing the effect of
imaginary components of permittivity. This is important
for estimation of electrical conductivity using TDR, which
relies on the low-frequency measurement (see Chapter 21).
It also increases both the complexity and cost of producing
TDR probes.

Shape of rods
Other forms of probe use two parallel strips of metal facing
one another, rather than rods, which ensure that the field is
distributed fairly evenly between the strips (Robinson and
Friedman, 2000). Others use two parallel metal strips side
by side on a piece of printed circuit board (Hook et al.,
1992; Selker et al., 1993; Nissen et al., 1999, 2003b). This
is not the most efficient arrangement electrically, but pro-
duces a robust and convenient single-piece probe that can
be slid into the ground with little fear of distortion. Selker
et al. (1993) and Nissen et al. (1999, 2003b) constructed
probes with a relatively small sampling length by folding
the waveguide onto a printed circuit board as shown in
Fig. 8.25. This allowed the length of the transmission line

Fig. 8.24 Popular arrangements for TDR probes. Actual
dimensions vary.

122 CHAPTER 8

FOR REFERENCE PURPOSES ONLY



to be long enough to resolve the reflections adequately,
while occupying a much shorter physical length in the soil.
Nissen et al. (1998) also solved this same problem by wrap-
ping one conductor of a transmission line in a spiral around
a cylindrical insulating rod, with the other conductor con-
sisting of four straight rods on its periphery, as shown in
Fig. 8.26. Unfortunately, this sensor is sensitive only to soil
within about 2 mm of the cylinder.

A version for use in pre-installed access tubes is pro-
duced by IMKO of Germany. The arrangement is depicted
in Fig. 8.27. The rods are spring-loaded, so that they press
against the side of the access tube. A penetration depth of
up to 150 mm into the soil is claimed (IMKO, 2013a).
The probe can be used in a very similar way to other profil-
ing probes, such as depth capacitance probes (Section 8.7)
and neutron probes (Chapter 7). With this type of probe,

much of the field lies between the two strips and within
the access tube. Its operation depends on part of the field
passing through the soil and taking the long way around
from one set of plates to the other, as shown in Fig. 8.28.

IMKO also produce TDR probes of more conventional
design using rods inserted into the soil. The method of

Fig. 8.25 Transmission line on printed circuit board.
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Fig. 8.27 IMKO Trime IPH depth probe showing the four
spring-loaded plates on one side to ensure good contact with the
inside of the access tube. Photograph reproduced with permission
of IMKO GmbH.
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estimating travel time is different and illustrated in
Fig. 8.29. Instead of taking equal time slices and identifying
the voltage corresponding to each one, the TRIME method
identifies the time at which the critical voltage levels are
achieved. To improve the resolution of voltage, TRIME
probes use coated rods (see below), which filter out the
lower frequencies and lead to a greater amplitude of the
reflected wave. The height of the reflected pulse varies,
however, with bulk electrical conductivity of the soil,
and so an iterative algorithm is used to detect the time of
the reflected wave. Nevertheless, IMKO claim that this
method requires simpler, cheaper and more compact elec-
tronics than conventional TDR systems based on cable
tester principles.

The Environmental Sensors Inc. (ESI) TDR also can be
installed in an access tube, but is designed for permanent
installation. The conductors are built into a solid plastic
rod, with radio frequency diodes at intervals along it (see
the following text).

Material of rods
Themost important characteristics for the rod material are
that it should be a good electrical conductor and be strong
enough towithstand being pushed into the soil without dis-
tortion. High-frequency electrical signals travel almost
entirely in the outer skin of a conductor, leaving the central

portion effectively non-conducting, thus reducing the effec-
tive conductivity considerably. The effective resistance, R,
per unit length of a cylindrical rod of radius r at high fre-
quency is given by:

R =
1
2πr

ffiffiffiffiffiffiffiffi
μ0ω

2σ

r
: ð8:6:2Þ

For ω = 109 Hz (f = 160MHz) and a typical stainless steel
TDR rod of diameter 6 mm with electrical conductivity
of 1.35 × 106 S m–1, R is 1.14 Ω m–1 and at ω = 1010 Hz
(f = 1.6 GHz), R is 3.6 Ω m–1. This compares with a dc
resistance for the same rod of 0.026 Ω m–1. Stainless
steel is a relatively poor conductor compared with most
metals. To put this into context, the resistance needs to
be compared with the inductive part of the impedance of
the line per unit length. Typical values for L can be calcu-
lated from

L=
μ0
g
; ð8:6:3Þ

which gives, fromEquation8.5.1, a value forωLof 292Ωm–1

at ω = 109 Hz and 2920 Ω m–1 at ω = 1010 Hz, so the imag-
inary part of the rod impedance will always dominate at
typical TDR frequencies, and we can expect to be able to
neglect the skin effectwithout introducing any significant
error.

Cross-section and spacing of rods
The geometric factor, g, that controls both the capacitance
and inductance per unit length of the rods depends only on
the ratio of the key dimensions. For a simple two-rod probe,
as depicted in Fig. 8.24, Equation 8.5.1 shows that g is a
function of the ratio of the rod spacing to the rod diameter,
d/a. Large values of g are associated with small values of d/
a, that is small spacing and/or large-diameter rods. How-
ever, beyond a spacing:diameter ratio of about 8, the change
in g is relatively small, so that for most realistic arrange-
ments, g is likely to be in the range of 0.75–1.25.

Changing the size and spacing of the rods affects the
volume of soil contributing to the measurement of water
content. There are two aspects to this:
1 The overall volume measured
2 The relative contribution of different parts of the volume
to the measurement

Figure 8.30 shows the volume of soil contributing differ-
ent proportions to the measurement for two-rod and three-
rod probes with different spacing to diameter ratios. The
energy density, W, of the electric field is given by

W =
εE2

2
; ð8:6:4Þ

so that areas with densely packed field lines (large electric
field) contribute more to the overall measurement than
those where they are further apart (Knight, 1992). Field
lines must converge onto the rods, and so soil close to

Fig. 8.28 Equipotential lines around an IMKO Trime IHP depth
probe. Reproduced by permission of IMKO GmbH.

Fig. 8.29 TRIMEmethod forwaveformanalysis. Reproducedwith
permission of IMKO GmbH.
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the rods has more influence than that between them. This
can be seen in Fig. 8.30. The cross-sectional area of soil con-
tributing 70% of the reading is concentrated quite closely
around the conductors, while that contributing the next
20% is considerably larger.

Small-diameter conductors have a larger concentration
of field lines near their surface than ones of greater diame-
ter. Large-diameter conductors in relation to the spacing
improve the distribution of sensitivity between the rods.
However, they are more likely to disturb the soil structure
around them and provide a barrier to soil water flow, mak-
ing this region atypical of the soil as a whole. For these rea-
sons, Knight (1992) suggested that the ratio of rod spacing to
diameter should not exceed 10. Most users have found very
little effect of this disturbance on water content measure-
ment for rods of diameter up to about 6 mm, but that to
avoid problems with larger diameter rods, it is advisable
to drill pilot holes a little smaller than the rod diameter
and then insert the rods (Topp & Davis, 1985; IMKO,
2013b). Clearly, the soil from the holes should be removed
and not pushed to the side.

Three-rod probes weight the reading to the area around
the central conductor much more than two-rod probes
(Fig. 8.30).

Coating of rods
Rods can be coated with a low-permittivity insulator (e.g.
polyolefin or PVC) to reduce transmission losses in con-
ducting materials. This effectively introduces an extra
capacitor in the equivalent circuit diagram of the transmis-
sion line, as shown in Fig. 8.31. This provides more imped-
ance for the lower frequencies across the two conductors,
while leaving the high frequencies (which are, in any case,

less affected by the electrical conduction) relatively unaf-
fected. Only one of the rods needs to be coated. Ferré
et al. (1996) found that coating the rods both reduced the
sensitivity of the sensor, particularly at higher water con-
tent, and reduced the volume contributing to the measure-
ment. The available data suggest that the higher the
permittivity of the insulating material and the thinner
the coating, the smaller the effect on sample size and the
calibration relationship (Ferré et al., 1996). Nichol et al.
(2002) found that a coating improved the identifiability of
the reflection from the end of the rods quite markedly,
although each probe had to be calibrated individually. This
is because the coating introduces a non-linear relationship
between the travel time and the square root of the soil per-
mittivity (Nichol et al., 2002).

Diode shorting
Hook et al. (1992) suggested using PIN diodes at the end of
the rods to provide a better-defined end-point to the probe.
A 3 V dc voltage applied to the line turns the diode on and
makes a short circuit at that point. By taking the difference
between a trace with the diode turned off and one with it
turned on, the diode position can be detected very easily.
Using a diode at or close to where the probe enters the soil
makes identifying this reflection much easier and elimi-
nates the need for a balun. Alternatively, identification
of the start of the line can be helped by inserting an imped-
ance mismatch into the probe head (Robinson et al., 2003),
although it must be small enough so as not to reduce the
signal passing into the soil significantly. The marker is
often not exactly where the rods enter the soil and so this
extra distance, which is usually constant, must be
accounted for.

The reflection at the end of the rods is usually easier to
detect as it is an open circuit. In electrically conductive or
layered soils, the reflection may be obscured by noise from
multiple reflections or attenuated severely. Taking the dif-
ference between the signal from the rods terminated by an
open- and a short circuit can make identification of the end
point possible. The arrangement is shown diagrammati-
cally in Fig. 8.32.

Figure 8.33 gives an example of the improvement in
identification of the signal by a diode situated near the
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Fig. 8.30 Areas of soil around the conductors contributing to the
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Fig. 8.31 Equivalent circuit for a transmission line with rods
coated with insulating material.
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point of entry to the soil. The upper diagram (A) shows the
waveform obtained with the diode acting as a short circuit
(bias voltage applied) and with it inactive (no bias voltage).
At short times, the signal records reflections produced
before the voltage pulse reaches the rods and is identical
in both cases. A strong reflection is produced when the
pulse reaches the diode in its shorted state and the trace
diverges from that recorded when the diode is open. The
lower diagram (B) shows the difference between the wave-
forms. The two traces are identical up to the point where
the pulse reaches the diode, with zero difference. After this
point, the two diverge strongly, making identification of
the diode location very easy.

The principle can be extended to make one set of rods
behave as a set of different length probes by stationing
diodes at various positions along the rods, as shown in
Fig. 8.34. Each diode is connected to one of the rods via a
capacitor and a separate control wire provides the bias volt-
age for two diodes. Other diodes further up the line must be
disconnected from the bias voltage, so that they are not
turned on by the pulse.

An obvious problem with using diodes within the soil is
that it is not practical for field use with probes made from
separate rods, as the diodes act as obstructions to installa-
tion of the probe. This may not be such a barrier in labora-
tory use, where soil can be packed around the rods after
emplacement. EIS produce a TDR probe in which the rods,
diodes and their control wires are encased in a single epoxy
bar, which can be inserted into the soil.

Nichol et al. (2002) found diodes at the end of the rods to
be effective in relatively low conductivitymedia, but not in
solutions of 2 dS m–1. The reason for this appears to be that
the diodes used (MPN3404) are not perfect short circuits,
having a quoted impedance at 100MHz of 0.8Ω. Using cop-
per wire to create a near-ideal short circuit improved the
performance markedly.

Construction considerations
Apart from the earlier remarks, good performance of TDR
probes depends on reasonable care in their construction.
The use of high-quality electrical cables and connectors,
ensuring that cables are not frayed and that all electrical
joints are secure or firmly soldered, helps prevent spurious
reflections and poor signal transmission. The head end of
the rods must also be solidly embedded into a plastic block
to protect the connections frommoisture, prevent the rods
frommoving relative to one another and keep the electrical
connections secure. They are simple enough that many
people prefer to make their own probes, although several
manufacturers produce them commercially.

8.6.2 Installation of probes

Installation requires many of the same precautions and
considerations as for other instruments to ensure that gaps
around the probe do not provide water pathways for rain or
irrigation water to penetrate more easily into the soil than
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Fig. 8.32 Use of PIN diodes to define each end of the transmission
line. By applying +3V as a bias voltage, the diode near the beginning
of the line is turned on, creating effectively a short circuit.
0 or –3 V voltage has no effect on the transmission line. The bias
insertion network supplies the bias voltage and protects the TDR
unit. Adapted from Hook et al. (1992). Reprinted with Permission
of ASA, CSSA, SSSA.

Fig. 8.33 (a) TDR traces in soil with a diode at the beginning of the
line open and closed. (b) Difference between the two curves in (a),
illustrating the ease of diode position location. Adapted fromHook
et al. (1992). Reprinted with Permission of ASA, CSSA, SSSA.
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in the surrounding area, that the ground surface and vege-
tation cover are not disturbed and that stones in the soil
do not cause more than the minimum disturbance to the
readings obtained.

There are two principal ways in which TDR probes can
be installed. They may be installed from the soil surface,
either vertically or at an angle, or horizontally from the face
of a trench or pit dug in the soil. The former method gives
readings of total or average water content along the depth
range of the probe, while the latter gives a measurement
of water content at a specific depth, averaged in an approx-
imately cylindrical volume of length equal to that of the
probe and diameter defined by the rods.

Vertically installed probes, therefore, give a very good
measurement of the total water storage over the depth of
soil profile that they cover. This is clearly very good if total
water storage is needed, but less so if the distribution of
water content with depth is desired. A series of probes of
different length may be a better choice in this case. The
water content of the depth interval from l to (l + d) can then
be calculated by taking the difference between the total
water storage over these two lengths.

Horizontally installed probes have good depth resolu-
tion, and long probes may be desirable to minimise the
effects of short-range spatial variability. However, it may
be very difficult to ensure that long rods remain at the same
depth, especially if there are large roots or the soil is hard or
stony. Installation of probes horizontally in the field is also
difficult without causing an unacceptable amount of distur-
bance to both the site and the measurements.

Vertical installation is clearly the simpler and quicker
method. In many cases, an integrated measure of water
storage over the upper few decimetres of soil is desired,
and so this would be preferred in any case. As described ear-
lier, more depth-specific information can be obtained by
using diode shorting,markers placed on the rods in the form
of notches (which may be filled with dielectric material)
(Topp & Davis, 1985) or by using a set of probes, all of dif-
ferent length, installed close together. In the case of diode

shorting and different length probes, water content in an
interval of depth is calculated by difference between the
total water content to one depth and that to the other. This
limits the overall accuracy obtainable, especially where dif-
ferent length probes are installed, as spatial variability
between the two locations introduces extra uncertainty.
Vertical installation also introduces an additional hazard
that small gaps around the probes can act as water conduits
through the soil. In addition, the maximum depth achieva-
ble is limited by the length of probe which can return a reli-
able signal for that soil and by the depth to which rods can
be inserted.

Horizontal installation is more labour intensive, as it
requires access from a vertical face. This may be a pit or
trench dug in the soil to the required depth. Unless this
is very shallow (less than about 0.7 m), the walls will usu-
ally require support to prevent collapse and possible injury
or death. The excavationmay offer a suitable place to house
data acquisition equipment and exposing a vertical face
offers the opportunity to study the soil profile in some
detail. However, an exposed soil face may allow it to dry
out, leading to unrepresentative measurements close to
the face. To reduce this, it is advisable to cover the facewith
a plastic sheet and to place all instruments some way into
the soil by drilling holes up to 1 m horizontally and then
inserting the probes from the end of these. More informa-
tion on installation of instruments from the side of a pit
is given in Section 12.11.1. The advantages of horizontal
installation are good depth resolution of measurements,
the ability to make measurements in two dimensions (hor-
izontal and vertical) and the possibility of deep measure-
ments (6 m or more).

Another method of achieving horizontal installation,
which is less labour intensive and intrusive, is to drill a
large (100–200 mm diameter) hole with a bucket auger, or
possibly two overlapping ones to give an approximately
elliptical hole. Probes can be installed to the length of an
arm (about 0.7 m) from the surface. The method can pre-
sumably be extended to deeper installation by using

Fig. 8.34 Schematic diagram of an arrangement to allow a transmission line to be segmented to allow different lengths of the line to be
sampled using one TDR unit. By connecting one pair of diodes to the dc bias voltage with different polarities, each one can be shorted
separately.
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suitable mechanical devices. Using hand-installation, it is
difficult to ensure very accurate depth placement or hori-
zontal alignment. After installation, the hole may be back-
filled with the same soil, although this risks creating a
pathway for faster water infiltration than in the surround-
ings. Alternatives include leaving it covered and unfilled (so
long as there is no risk of throughflow along an impeding
horizon) and filling with low hydraulic conductivity mate-
rial such as concrete or expanding closed-cell foam cast
in situ.

Horizontally installed two- and three-rod probes should
be emplaced so that the plane of the rods is horizontal. This
will maximise the depth resolution. Also, if the rods are
arranged vertically above one another, the sensitive volume
is biased heavily towards the rod in the lower permittivity
medium, whichmay cause problems where there is a sharp
wetting front (Nissen et al., 2003a).

TDR rods are often pushed or hammered directly into
the soil. For small diameter rods, this appears not to cause
an unacceptable disturbance around them (Topp & Davis,
1985; IMKO, 2013b). A possibly better way is to drill a pilot
hole, slightly smaller than the diameter of the rods using a
portable electric drill and then to insert the rods into the
predrilled holes. It may, however, be difficult to ensure that
the holes are sufficiently parallel to one another and a suit-
able jig should, therefore, be used to guide the drill bit.

8.6.3 Data acquisition

Early TDR equipment for soil water measurement used
commercial cable testers, such as the Model 1502B. This
produced a waveform image on a cathode ray tube, which
could be photographed and the waveform analysed later
manually. Later equipment was able to output and store
the waveforms digitally. This increased the ability to
acquire a large number of waveforms, often under auto-
matic control, and opened up the automatic processing of
waveform data to recognise the point of entry into the soil
and the end reflection. Most modern equipment can
acquire data, store and analyse the resulting waveforms
completely automatically. This is usually based on 256
data points, which are arranged to cover the time range of
most interest. Some systems consist of a commercial cable
tester, a multiplexer unit (see Section 8.6.4), TDR probes, a
portable computer and some dedicated software to control
the process and perform analysis and storage. Most com-
mercial systems have all of these elements, but are inte-
grated into a single package.

8.6.4 Multiplexers

Automatic storage and analysis of data from a TDR probe
was a significant step towards a usable instrument for rou-
tine soil water observation. However, most users need to
measure several probes. The electronics involved in TDR
are expensive, and having a dedicated control unit for each
probe would be prohibitive. The answer is to use a

multiplexer. This is a switch that can connect each of sev-
eral probes sequentially to the control, storage and data
analysis unit. TDR probes are very much cheaper than
the electronic units, so this is a very cost-effective way to
acquire data from multiple probes. The first report of the
use of probes multiplexed in this way was by Baker and All-
maras (1990), who used a manual rotary switch to swap
between probes, while Heimovaara & Bouten (1990) used
a computer-controlled system. Later equipment uses elec-
tronic switches to perform the multiplexing.

Both multiplexers and long connecting cables filter out
some of the higher frequency components of the signal.
This reduces the quality of the data and may not make
the measurements from one set of probes comparable with
another. High-quality cables and multiplexers are, there-
fore, essential and where multiple multiplexers are used,
they should be connected in a ‘star’, rather than a ‘daisy-
chain’ arrangement, so that all probe signals traverse the
same number of multiplexers (Evett et al., 2008).

8.6.5 Waveform analysis

Figure 8.22 shows an example TDR waveform. Analysis of
this consists of the following steps:
• Identification of the point at which the pulse enters
the soil
• Identification of the reflection from the end of the line
• Calculation of the time taken for the pulse to travel
through the soil
• Application of an appropriate calibration to convert
travel time into soil water content

With multiplexed probes, in particular, there will often
be a fairly long cable between the pulse generating unit and
the probe. This part of the waveform is usually ignored
when acquiring the data, so that only the more interesting
part of the waveform is actually stored. It should also be
noted that, for each probe, the point along the waveform
at which the pulse enters the soil will always be the same.
Therefore, after this has been identified for each probe, it
need not be done again.

As described earlier, identification of reflections is usu-
ally performed by drawing tangents to the waveform
around the point where the reflection lies. This tends to
bias the distribution of frequencies which make up the
waveform towards the higher frequencies, which are less
affected by electrical conductivity effects. Differentiation
of the waveform is performed easily by software where
the data points are automatically spread evenly in time
and a tangent can be identified by searching for several con-
secutive points where the voltage difference from one to
another is very nearly the same. The tangent either side
of the reflection point can then be calculated and the inter-
section point identified by solution of two simultaneous
equations.

Most software allows the user to enter a custom calibra-
tion equation or to use one of a set of standard equations.
It usually allows storage of the waveform and records the
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time for the pulse to traverse the probe, the calculated
relative permittivity and bulk electrical conductivity of
the soil (see Chapter 21).

Waveform analysis software can be obtained from a
variety of sources. Popular public domain programs are
TDRANA (Heimovaara & de Water, 1993), WINTDR (Or
et al., 1998) and TACQ (Evett, 2000a, b).

8.6.6 Operation of TDR under field conditions

TDRmeasurements are a complex electronic and computa-
tional process. As such, they use significant amounts of
electrical power, and the equipment is not necessarily suit-
able for use in harsh environments. Large batteries, solar
panels and/or wind generators will usually be needed to
run the equipment where mains electrical power is not
available. Likewise, protection against rain, solar radiation
and dust is essential. Electrical connections must be pro-
tected against damp and corrosion.

8.6.7 Advanced analysis techniques

The TDR waveform contains a great deal of information
which has previously been ignored and which complicated
the traditional analysis techniques. Two approaches for
extracting this information have been followed.
1 Fast Fourier transform techniques have been used to
extract the frequency spectrum of the signal. This allows
the identification of relaxation processes and attenuation
of the signal by electrical conductivity. It also allows the
use of shorter probes, whose signals have proved difficult
to analyse accurately using conventional tangent-fitting
(Heimovaara, 1994; Heimovaara et al., 2004; Friel & Or,
1999; Jones & Or, 2001; Lin, 2003).
2 Reconstructing the waveform from an assumed model
of the soil water distribution, soil characteristics and
electrical conductivity, which is described by a number
of adjustable parameters. Inverse modelling techniques
(see Section 17.13) are employed to find the best set of
parameters which fit the observed waveform (Yanuka
et al., 1988; Feng et al., 1999; Heimovaara, 2001; Robinson
et al., 2003; Schaap et al., 2003).

Both of these methods require significant amounts of
computer processing; but as this becomes more cheaply
available on portable computers, they may soon become
a standard part of TDR methodology.

8.6.8 TDR – Conclusion

TDR has become the leading methodology for measure-
ment of water content in soil. This is despite a number of
theoretical difficulties in interpreting waveforms and the
expense of the electronics involved. Its popularity has
ensured that both scientific and commercial organisations
have invested heavily in overcoming the inherent problems
and to extract much more information from the TDR sig-
nal. It can be expected that this process will continue, with

increasing ability not only to measure average water con-
tent reliably over the length of the probe but also to extract
the distribution of water along it.

Electrical conductivity and its use to estimate solute
concentration is dealt with in Chapter 21. However, this
has a profound effect on the TDR signal and cannot be
ignored. Advances inmeasurement of conductivity are nec-
essary to interpret TDRwaveforms reliably as well as being
of interest in their own right.

For field use, however, TDR is likely to be limited to the
relatively near surface for practical reasons of installation
of rods and causing unacceptable disturbance to the site.

8.6.9 TDR-related methods

Time domain transmission
TDR measures the time taken for a pulse to travel the
length of the rods and back again. This introduces a number
of complications in interpretation of the signal, arising
mainly frommultiple reflections at the various discontinu-
ities. These mean that the signal bounces back and forth
along the line andmakes interpretation of the trace difficult
and, in some cases, impossible. A simpler, closely related
method is TDT. In TDT, the signal travels just once
through the medium and is collected at the opposite end
of the line from where the pulse is injected. Unfortunately,
the need to have access to both ends of the line limits its use
to laboratory studies, where this is easily arranged, and to
the very near-surface in the field. A device known asAqua-
flex is manufactured by Streat Instruments in New Zea-
land. It is in the form of a 3 m long flexible ribbon, which
is buried just below the ground surface. There are two pairs
of conductors, joined at one end of the ribbon, so that the
signal travels out along one pair and back along the other.
This makes it relatively easy to detect the signal arriving
after travelling twice the length of the device without
involving a reflection. The volume of soil sampled is also
large – about 6 L (Streat Instruments, http://www.streatsa-
head.com/products). However, the sensed volume is con-
fined to about 22 mm from the sensor cable. Assuming
burial just below the ground surface, this would account
for about the upper 50 mm soil.

Acclima in the United States also manufactures a
TDT, illustrated in Fig. 8.35. The primary market for this
instrument is irrigation control. The device is installed at
a shallow depth by burying beneath the roots of a crop or
lawn.Because of the loop shapeof theelectrodes, it is difficult
to envisagehow it could be installed at depthwithout soil dis-
turbance, but it may be possible to install it in a slit from the
side of a pit without unacceptable disturbance. Blonquist
et al. (2005b) reported good accuracy of measurement of
permittivity in liquids simulating non-dispersive, non-
conducting soil; non-dispersive, conductive soil and disper-
sive, non-conductingsoil. Blonquistetal. (2005a, 2006) tested
a device installed beneath the root zone of a grass sward as an
aid to irrigation scheduling. They found that there was a
small saving when compared with using meteorological
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evaporation estimates to predict irrigation need, but a very
large saving against a regular irrigation regime.

Water content reflectometer
Campbell & Anderson (1998) proposed an oscillator
method, usually called a water content reflectometer,
or a transmission line oscillator, as a cheaper alternative
to full TDR, but retaining many TDR characteristics. The
principles of this device are embodied in the CS616
reflectometer, manufactured by Campbell Scientific Inc.
The CS616 has two 300 mm long rods of 3.2 mm diame-
ter, separated by 32 mm. The electronics are contained in
a small plastic block, which also holds the two rods.
A photograph of the CS616 is shown in Fig. 8.36. In
use, the rods are pushed into the soil, either from the sur-
face or the side of a pit in the same way as for other rod-
based instruments; 3.2 mm rods of this length are easily
bent, and so Campbell Scientific recommend that, for
soils which exhibit significant resistance to insertion, a
tool having stronger rods of the same dimensions as the
reflectomer rods be used to make pilot holes. A block
of rigid plastic or metal with two parallel holes that
guides them into the soil is also recommended.

Operation of the instrument is described by Campbell &
Anderson (1998) and Kelleners et al. (2005). A fast rise-time
pulse is applied to the two rods as for TDR. The pulse tra-
vels along the rods, is reflected from the end and arrives
back at the starting point. The electronics recognises this
as an increase in the voltage and switches the voltage on
the rods to a low level, sending a second pulse along the
transmission line of the opposite sign from the first one.
A complete cycle, therefore, consists of four traverses of
the length of the rods. There is a small delay, td, of around
1 ns between one pulse arriving at the start end of the rods
and the next pulse being applied. The time, t, taken for one
complete cycle is, therefore

t =
4L

ffiffiffiffi
εr

p
c

+ 2td; ð8:6:5Þ

where L is the length of the rods. The time, t, is output as
a square wave voltage with a period of 1024t, which
allows for common data loggers to record it as pulses or
as a frequency.

The rise time of the pulse used in the CS616 is about 2 ns
(Kelleners et al., 2005), much longer than the typical 300 ps
of a full-blown TDR, giving a maximum frequency in the
signal in the region of 175 MHz, compared with about
1GHz for a TDR. Instead of tangent-fitting, the arrival time
is determined by the attainment of a fixed voltage level.
Different amounts of pulse attenuation, therefore, feed into
differences in travel time detected. An earlier version of
the instrument, the CS615, used an 8 ns rise-time pulse
(corresponding to a maximum frequency of 44 MHz) and
multiplied the value of t by 32,768.

Seyfried & Murdock (2001), Chandler et al. (2004),
Kelleners et al. (2005), Blonquist et al. (2005b) and Logsdon
(2009) have all evaluated the CS615 and/or the CS616
against other devices. In general, they conclude that inter-
sensor variability can be accounted for satisfactorily by

Fig. 8.35 Acclima TDT.

Fig. 8.36 CS616 water content reflectometer. Reproduced with
permission of Campbell Scientific, Inc.
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subtracting the period obtained from a simple measurement
in air from all readingsmadewith that sensor; that theman-
ufacturer’s calibration is satisfactory in some soils, but not in
all, so that soil-specific calibration is usually required; that
the primary limitation is that they are sensitive to electrical
conductivity of the soil solution and/or relaxation effects
resulting from the relatively low effective frequency of the
measurement. Logsdon (2009) compared field calibrations
of the CS616, using neutron probe measurements, with
those obtained in the laboratory from undisturbed cores of
the same high specific charge clay soils. The results did
not agree well. Logsdon suggested that this may be because
water in the field soil was distributed less evenly through the
sensing volume than in the laboratory columns. In these cir-
cumstances, field lines would be more concentrated in the
higher electrical conductivity (and therefore higher permit-
tivity and higher water content) areas than in the drier parts,
leading to higher detected permittivity for the same average
water content.

Two newer models, the CS650 and CS655, have
been introduced more recently that aim to overcome
some of the limitations caused by attenuation of the
signal by electrical conductivity of the bulk soil. They
also provide a measure of electrical conductivity and
temperature.

8.7 Capacitance Methods

The principle of capacitance methods is relatively simple.
The soil forms the dielectric in a capacitor and the value
of the capacitance is measured. There are a variety of ways
in which the capacitance is measured. However, the term
‘capacitance probe’ is usually reserved for an instrument
that incorporates the capacitor into an oscillator circuit
and measures the oscillation frequency. For this reason,
capacitance probes are often referred to as frequency
domain devices.

At its simplest, an oscillator can be regarded as shown in
Fig. 8.37, where the oscillator is formed of a capacitor and

inductor. The impedance of the two components in series,
according to Section 8.3.6 is

Z =
1

jωC
+ jωL: ð8:7:1Þ

The magnitude of this is given by

Zj j= 1−ω2LC
ωC

����
����: ð8:7:2Þ

This is zero at an angular frequency of

ω =
1ffiffiffiffiffiffiffi
LC

p ð8:7:3Þ

or a normal frequency of

f =
1

2π
ffiffiffiffiffiffiffi
LC

p : ð8:7:4Þ

In the absence of any resistance in the circuit, therefore,
a current at a frequency of f would carry on for ever and
not die away. This is called resonance and f the resonant
frequency. As the alternating current surges round the
circuit, it charges up the capacitor, first in one direction
and then the other. The same current flowing through
the inductor creates a magnetic field within and around
it. When the capacitor is at maximum charge, the current
is just starting to change direction, that is it is momentarily
zero, and so there is no magnetic field and hence no energy
stored in it. Conversely, when the current is maximum, the
capacitor voltage is zero; there is no charge or energy stored
in the capacitor, and all the energy is stored in the induc-
tor’s magnetic field. The energy in the system therefore
swaps between the capacitor and the inductor.

The situation is similar to that of a swinging pendulum.
Here, energy swaps back and forth between the kinetic
energy of the moving bob and its potential energy. At the
bottom point of the swing, the potential energy is lowest,
but its velocity and hence kinetic energy is greatest. At
either end of the swing, the bob is at its highest point
and its potential energy is maximum, but its velocity is
momentarily zero, and so it has no kinetic energy.
The angular frequency of oscillation of a pendulum of
length l is

ω =
ffiffiffi
g
l

r
: ð8:7:5Þ

where g is the acceleration due to gravity.
In a pendulum, the energy is dissipated through friction

in the pivot and air resistance. In the electronic oscillator,
there is always some resistance in the circuit and this dis-
sipates the energy associated with the oscillation. To make

Fig. 8.37 Oscillator circuit composed of an inductance, L, and a
capacitance, C.
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practical use of either of these devices, as, for instance, in
a clock or a capacitance probe, this lost energy must be
replaced and the frequency measured.

In a clock, the solution is usually an escapement, which
both feeds energy into the pendulum from a spring or
weight and allows each swing of the pendulum to control
the rotation of the hands via a gear train. Similarly, the
oscillations in a capacitance probe aremaintained by a tran-
sistor, which feeds energy into the circuit from a battery to
replenish that lost, mainly through resistance in the cir-
cuitry or leakage through the capacitor dielectric – that is
the soil. The oscillation frequency is measured by counting
the voltage oscillations.

In a practical probe, the circuit is more complex than
that depicted in Fig. 8.37, both because of the need for a
transistor to maintain the oscillation and because of the
capacitance and inductance of the components and the
circuit wiring

The equivalent circuit of the probe can be represented
approximately as shown in Fig. 8.38. Here, the circuit
inductance, L, is formed of a small air-cored inductor,
L1, as well as stray inductances, L2, on and around the cir-
cuit board (Dean, 1994). The capacitance between the
electrodes of the probe, C1, is both in parallel and in series
with other capacitances in the circuit, which has the
effect of diluting any variations of C1. The parallel capac-
itance, C2, is caused by stray electric field outside the
printed circuit board. This varies from one instrument
to another, and so C2 must be measured for each probe.
C1 and C2 are in series with the sum of the capacitors
on the printed circuit board, C3, including that between
the electrodes of the transistors, which also vary between
probes.

With these circuit components, the combined capaci-
tance of C1, C2 and C3 is given by

1
C

=
1

C1 +C2
+

1
C3

; ð8:7:6Þ

leading to an angular oscillation frequency of

ω =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
L

1
C1 +C2

+
1
C3

� �s
: ð8:7:7Þ

The electrode capacitance, C1, is then

C1 =
C3

ω2LC3−1
−C2: ð8:7:8Þ

This contains three parameters which may be instru-
ment-dependent: C2, C3 and L. C1 depends on the design
of the probe and electrodes. It should not vary between
probes of the same design and electrode configuration.

8.7.1 Probe configurations

An advantage of the capacitance probe is that a wide range
of electrode configurations is possible, although only the
depth probe arrangement is in common use.

Depth probes
Dean et al. (1987) designed a probe for use at different
depths within an access tube, in a similar way to a neutron
probe. The electrodes were two cylinders mounted on a
plastic former one above the other and separated by a small
gap. This arrangement can be inserted into an access tube
and readingsmade at different depths, utilising the ‘fringing
field’ between the two cylinders. Enough of this passes
through the soil outside the tube to make it very sensitive
to changes in water content, and hence permittivity, of the
soil. Because the high frequency oscillatory electromag-
netic field needs to penetrate into the soil, the access tube
must bemade of a non-conducting, non-magnetic material,
usually PVC. Figures 8.39 and 8.40 show the arrangement.

Depth probes are suitable both for permanent installa-
tion and as a portable instrument which can be carried
between permanently installed access tubes. Both types
are available commercially, the principal manufacturer
being Sentek of Australia.

The EnviroScan is designed for permanent installation
in an access tube, connected to a field data logger.
A number of units, similar to that of Dean et al. (1987),
are mounted at different depths on a plastic frame inside
the PVC access tube. A ribbon cable running the length
of the frame powers the units and transmits frequency
information to the data logger. Figure 8.39 is a photograph
of the device, while Fig. 8.40 shows diagrammatically the
field lines associated with each sensor.

Sentek also produce the Diviner, which has essentially
the same circuitry as the EnviroScan, but is packaged inside
a robust casing for manual insertion into one or more pre-
installed access tubes, in a similar manner to the use of a
neutron depth probe. The Diviner incorporates a data log-
ger and magnetic switches set at different depths to record
automatically probe frequency at preset depths. Data acqui-
sition with aDiviner is very fast, as the probe needs only to

Fig. 8.38 Equivalent circuit of a practical capacitance probe. L1 is
the inductor on the circuit board, while L2 arises from interaction
between circuit components and tracks. C1 is the capacitance
between the probe electrodes, C2 is capacitance resulting from
interaction between circuit components and tracks and C3 is the
sum of capacitors on the printed circuit board.
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be inserted into the access tube to its maximum extent and
all the recording of position and frequency is taken care of
for downloading later.

Less sophisticated devices produced by Troxler in the
United States, the Sentry 200& 2000, and byDidcot Instru-
ments in the United Kingdom are no longer in production,
although a number may still be in use.

Surface probes
An arrangement with parallel rods embedded in the soil is
probably the simplest electrode arrangement, as shown in
Figs. 8.41 and 8.42. In contrast with the depth probe, the
electrodes are in direct contact with the soil and the major-
ity of the field passes directly through the soil. The arrange-
ment is suitable for both portable use and permanent
installations. In the former, as shown in Fig. 8.41, the probe
electronics, display and electrodes form a single unit, which
is lightweight and suitable for repeated insertion into the
soil. Permanent installations have the probe electronics
and electrodes in a single unit, with a connection via cable

or optical fibre to a remote reader, which may be a data log-
ger or a portable unit, connected when a reading is needed.
An intermediate solution is to leave the electrodes perma-
nently embedded in the soil and to connect to them with a
unit containing the main electronics and a reader when
required. This minimises the expense of having many per-
manently installed devices, while keeping the advantages
of repeated measurements at one spot. Care is obviously
required to make sure that the electrodes are not disturbed
when connecting the electronic unit to them. A schematic
of these methods of installation is shown in Fig. 8.43.

This type of probe need not necessarily be used from the
soil surface. The surface in question may be a vertical face
of a trench or pit dug for the purpose or the end of a hole
excavated vertically, horizontally or at some angle into
the ground (see Fig. 8.43).

While parallel rods are the most common arrangement
for a surface probe, other configurations may be used.
Two parallel plates have the advantage that the field
between them is almost uniform, ensuring a more even
and predictable weighting of the contribution from differ-
ent parts of the soil between the electrodes. This needs to
be weighed against the difficulty of and possible distur-
bance to the soil from inserting the electrodes.

Fig. 8.40 Diagrammatic representation of amultiple sensor depth
capacitance probe system, showing field lines between the ring
electrodes. Reproduced with permission of Sentek Pty, Australia.

Fig. 8.39 Sentek EnviroScan capacitance probe system showing
the two cylindrical electrodes of each sensor unit. The printed
circuit board of each unit is located inside the rings, with the main
control board at the top. The ribbon cable connecting each sensor’s
printed circuit board to the main control board runs behind the
plastic partition between the sensors. In operation, the complete
assembly is placed inside the plastic access tube, the top of which
can be seen protruding above the ground surface. Photograph
reproduced with permission of Sentek Pty, Australia. (See insert
for colour representation of the figure.)
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Capacitance probes can accommodate a wide variety
of electrode arrangements. Whalley et al. (1992) incorpo-
rated electrodes into the tine of a cultivator, which was
dragged through the soil, giving a continuous reading
of soil water content as it went. Another arrangement,
described by Dean (1994), had two parallel rods mounted
at right angles to the probe body as shown in Fig. 8.44.
These can be laid on the surface of soil or porous rock
to give a reading sensitive to a shallow layer. This is use-
ful for both very near-surface measurement and where
penetration with vertical rods is impossible or causes
unacceptable disturbance.

Fig. 8.41 Parallel rod capacitance probe configured for use as a
portable instrument to measure water content of the upper 50 or
100 mm of soil.

Fig. 8.42 Photograph of parallel rod capacitance probe depicted in
Fig. 8.41.

Fig. 8.43 Options for permanent installation of twin-rod
capacitance probes.

Fig. 8.44 Non-invasive parallel rod capacitance probe suitable for
surface measurements in masonry or hard soils. Redrawn from
Dean (1994). Reproduced with permission of © NERC (CEH).
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8.7.2 Probe calibration

Two approaches have been proposed to convert frequency
to permittivity for capacitance probes.

Scaled frequency
The first is an empirical approach, recommended by Sen-
tek for EnviroScan probes (Sentek, 2011) and described by
Paltineanu & Starr (1997) and Baumhardt et al. (2000). It is
an extension of the philosophy for inter-calibrating neu-
tron probes in which the count rate in soil is divided by
a standard count to give a count ratio (Section 7.7.1). That
depended on the assumption that all count rates are pro-
portional to the strength of the neutron source and the effi-
ciency of the detector and its associated circuitry. Things
are not so simple with capacitance probes. Each unit dis-
plays a different frequency in air, fa, and in water, fw.
The Sentek (2011) procedure reduces the measured fre-
quency, f, to a scaled frequency, F:

F =
f − fw
fa− fw

: ð8:7:9Þ

The procedureworkswell for EnviroScan sensors, which
exhibit only a small range of values of fa and fw between
different examples.

Most workers have calibrated directly between scaled
frequency and water content of the soil.

A frequency-response model approach
Robinson et al. (1998) and Kelleners et al. (2004a) took a dif-
ferent approach. Robinson et al. (1998) took the theoretical
model developed byDean (1994), which predicts the formof
the frequency v electrode capacitance, C1, relationship for
the instrument (Eq. 8.7.7). The model has three sensor-
dependent parameters: C2, C3 and L. By assuming a com-
mon value for C3 for all instruments, the number of
unknowns is reduced to two and so a measurement of fre-
quency in air and water allows both to be calculated. Note
that the notation used here, which is that of Robinson et al.
(1998), is different from that of Dean (1994).

To use this approach, the geometric factor, g, for the
electrodes must be known, so that their capacitance in

air and water can be calculated. These values are then
inserted, along with the appropriate frequency measure-
ments, into Equation 8.7.7 to solve for C2 and L.

For electrodes designed to be in direct contact with the
soil, Robinson et al. (1998) used the similarity between
electrical conductance and capacitance to estimate g. The
electrical conductance, G, between a pair of electrodes
immersed in a medium of conductivity σ is given by

G = gσ ð8:7:10Þ

and the capacitance, C1, of the electrode pair is

C1 = gε: ð8:7:11Þ

So, knowing σ and measuring G, the capacitance of the
electrodes when embedded in a medium of permittivity ε
will be

C1 =
ε

σ
G: ð8:7:12Þ

Measurement of conductance is generallymore straight-
forward than that of capacitance, requiring only a cheap ac
conductivity meter and a solution of known conductivity.
Themeter should operate at a frequency above about 1 kHz
to avoid polarisation effects resulting from electrolysis
of the solution. For electrode configurations which are
not in direct contact with the medium, such as that of
the EnviroScan, then a direct measure of the capacitance
can be made using a ‘universal’ bridge.

The procedure took no account of the change of apparent
permittivity with frequency when the length of the probe
rods is comparable with the wavelength of the oscillation
(Fig. 8.18). It must therefore be regarded as being at least
semi-empirical, but produced very good results when
tested against the frequency obtained in liquids of known
permittivity.

Kelleners et al. (2004a) used a similar philosophy to cal-
ibrate a depth probe configuration. They envisaged the
equivalent circuit of Fig. 8.45, in whichC3 does not appear.
However, an additional capacitor, Cp, is introduced to take
account of the electrodes not being in direct contact with

Current source

Circuit borad Electrodes, access tube
and medium

L C5

CP

C G

Fig. 8.45 Equivalent circuit for depth capacitance probe (Kelleners et al., 2004a). Reprinted with Permission of ASA, CSSA, SSSA.
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the soil, but via a small air gap and plastic access tube. They
found that the probe could be calibrated successfully with
the access tube in air and water by fixing the value of L and
gm (equivalent to the geometric factor, g, in Robinson
et al.’s (1998) formulation) and solving forCp andCs (equiv-
alent to C2 of Robinson et al. (1998)).

Although the conceptual circuitry used by Robinson
et al. (1998) and Kelleners et al. (2004a) was different, they
both achieved good agreement with experimental results.
This suggests that the approach is largely empirical and
that particular values for the ‘components’ of the circuit
cannot necessarily be identified with physical features.

The actual variation of frequencies recorded in air and
water between different examples of the same probe design
(J D Cooper, unpublished data; Baumhardt et al., 2000;
Paltineanu & Starr, 1997) differ by only a modest amount,
typically less than 1%. There is, therefore, very little scope
for a material difference in estimates of εr obtained by
either the scaled frequency or frequency-response model
approach, although there do not appear to be any published
comparisons. The frequency-response model approach pro-
vides a framework for taking into account dielectric losses,
arising from either electrical conductivity or relaxation
effects (Robinson et al., 1998; Kelleners et al., 2004a). In liq-
uid media with known electrical conductivity, these are
successful.

Kelleners et al. (2004b) used a hybrid approach in a saline
silty clay soil, using the scaled frequency approach to stan-
dardise between probes, while retaining the frequency
response model of Kelleners et al. (2004a) to incorporate
independentlymeasured electrical conductivity and obtain
εr, and hence θ. This was partially successful, although it
was found that the predicted electrical conductivity of field
soil overestimated considerably that measured by conven-
tional methods, possibly because the electrical conductiv-
ity is anisotropic as a result of soil layering.

8.8 Theta and Profile Probes

TheTheta Probewas invented byGaskin&Miller (1996). It
uses a transmission line approach to measure a fixed fre-
quency voltage resulting from an impedance mismatch
between a coaxial cable and rods in the soil. The arrange-
ment is as shown in Fig. 8.46.

To understand the probe’s operation, some further
development of transmission line theory is needed. Gas-
kin & Miller (1996) presented the theory in terms of two
transmission lines, the second one being that formed by
the rods of the probe. However, it may be better to regard
this second, short, line as a capacitor. To understand this,
we use Equation 8.5.31 to give the voltage at each end of
the coaxial line. The voltage, V(l), at the junction of the
transmission line and the rods is given by

V lð Þ=V1 1 +
ZL−Z0

ZL +Z0

� �
e− jωlv ejωt; ð8:8:1Þ

and the voltage at the beginning of the line, where x = 0, is

V0 =V 0ð Þ =V1 1 +
ZL−Z0

ZL +Z0
e−j2ωlv

� �
ejωt: ð8:8:2Þ

In theTheta Probe, the length of the transmission line, l,
is equal to one quarter wavelength of the oscillation, that

is l =
πv
2ω

so e− jω l
v = e−j π2 = − j since, using Equation 8.3.42,

cos −
π

2

� �
= 0 and sin −

π

2

� �
= −1. Similarly, e−2jω l

v = e− jπ =

−1. Substituting this into Equations 8.8.1 and 8.8.2, we get

V lð Þ= − jV1ejωt 1 +
ZL−Z0

ZL +Z0

� �
; ð8:8:3Þ

and

V0 =V1ejωt 1−
ZL−Z0

ZL +Z0

� �
: ð8:8:4Þ

The factor –j in Equation 8.8.3 signifies that the voltage
at one end of the line is (π/2) out of phase with that at the
other end.

The Theta Probe measures the difference between the
magnitude of these two voltages:

V lð Þj j− V0j j = 2V1
ZL−Z0

ZL +Z0
: ð8:8:5Þ

Knowing the voltage difference between each end of the
transmission line, therefore, the impedance of the rods, ZL,
can be calculated, since Z0 is a characteristic of the line.
This in turn allows computation of the permittivity of
the medium in which the rods are immersed. Assuming
that Equation 8.5.36 applies, then ZL is linearly related
to the permittivity of the medium, although the value of
the capacitance is not easily predicted by simple means
as a consequence of end effects and the rod arrangement.
Calibration is therefore necessary. This also takes into
account the non-linear nature of the effective capacitance
discussed in Section 8.5.3.

The optimum length for the rods at the Theta Probe
frequency of 100 MHz is 83 mm (Gaskin & Miller, 1996),Fig. 8.46 Schematic construction of a Theta Probe.
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since this is one-quarter wavelength in water. In this case,
the rods would appear to be a short circuit on the end of the
transmission line and the range of voltage between air and
water would be maximised. In practice, a length of 60 mm
is used, as 83 mm rods may be too delicate for use in
many soils.

Figure 8.47 shows a photograph of a Theta Probe.
The probe circuitry transforms the voltage across the

transmission line, Vj–V0, into a zero dc output voltage
when the rods are in air and about 1.1 V when in water.
The output is very nearly linear in

ffiffiffiffi
εr

p
up to values of εr

of about 36, which includes most of the permittivity range
found in mineral soils.

The relationship is close to (Miller & Gaskin, 1999):

ffiffiffiffi
εr

p
= 4:4V + 1:10; ð8:8:6Þ

where V is the probe output in volts.
Since in most cases,

ffiffiffiffi
εr

p
of soil is approximately a linear

function ofwater content, theTheta Probe output is almost
linear in volumetric water content.

Amore accurate representation of the Probe voltage out-
put with relative permittivity is (Miller & Gaskin, 1999)

ffiffiffiffi
εr

p
= 4:70V3−6:40V2 + 6:40V + 1:07: ð8:8:7Þ

These expressions relate to the ML2x version of the
probe. The original ML1 and newer ML3 versions have
slightly different expressions.

Water content can be derived by combining this expres-
sion with one for the variation of water content with per-
mittivity. It is important to use a relationship appropriate
to the probe’s 100 MHz frequency. This can be accom-
plished by inserting the probe rods into a sample of soil, tak-
ing a reading and then sampling a cylinder of soil of length
equal to that of the rods (60 mm) and including all the soil
between and just outside the rods (see Section 8.14).

Effect of electrical conductivity and relaxation effects
The imaginary part of the soil permittivity is expected to
influence the Theta Probe output, since it will affect the
impedance represented by the rods embedded in the soil

(Eq. 8.5.48 and Fig. 8.20). As both the Theta Probe and Pro-
file Probe operate at a fixed frequency of 100 MHz, the
effect of medium conductivity and relaxation effects can-
not be distinguished.

Robinson et al. (1999) found no effect of electrical con-
ductivity on Theta Probe output in sandy soils in the labo-
ratory, although in ionic solutions increasing electrical
conductivity decreased the probe output (i.e. reduced the
apparent water content). Robinson et al. (1999) suggested
that this might be a consequence of the concentration of
probe sensitivity around the central conductor, although
they gave no more detailed explanation.

Three versions of the Theta Probe have been produced –

designated ML1x, ML2x and ML3. Differences are fairly
minor, but include the following:
• A better oscillator source in theML2x giving amore pure
sinusoidal waveform with lower harmonic content.
• Replacement of the original coaxial transmission line by
a chain of discrete capacitors and inductors, which is more
compact and further suppresses harmonics.
• The ability to dismantle the ML2x for maintenance and
repair.
• The ML3 is claimed to have less sensitivity to tempera-
ture and electrical conductivity of the soil.
• The ML3 has a detachable cable and a mount for exten-
sion rods.
• There is a small difference in response to medium per-
mittivity and electrical conductivity between the three
designs (Miller & Gaskin, 1999; Delta-T, 2013).

The Theta Probe is manufactured by Delta-T Devices,
Cambridge, UK.

The Theta Probe is also used as a component of the
Equitensiometer, manufactured by the same company
for measurement of water potential and described in
Section 13.3.

The Profile Probe
The principles of the Theta Probe have been applied to a
depth probe, known as a Profile Probe, which can measure
at a series of depths from a glass fibre-reinforced epoxy
access tube of 28 mm diameter (Fig. 8.48). The uniformity
and thickness of the tube wall is critical to the probe’s cal-
ibration, and so only tubes obtained from themanufacturer
which have been checked for consistency should be used.

The electrodes are similar to those of capacitance depth
probes, such as the Sentek EnviroScan, being two rings
around a plastic tube, which forms the body of the probe
(Fig. 8.39). However, the rings do not extend all the way
around the body as in other devices, but have a small gap.
This probably increases the axial asymmetry of the device,
making it more important to ensure that it is placed in
exactly the same orientation each time it is replaced into
the soil. The tubes have an alignment mark on them to
aid in this, but no particular mark on the body of the
probe. There are, however, three screws holding the cap
of the probe to the body and choosing the one of these clo-
sest to the manufacturer’s label will ensure consistent

Fig. 8.47 Photograph of an ML3 Theta Probe. Image courtesy of
Delta-T Devices Ltd.
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positioning (Fig. 8.48). Two versions are available: a short
one with electrodes at 100, 200, 300 and 400 mm depth
and a longer one with two extra electrode pairs at 600
and 1000 mm depth.

The Profile Probe has also been produced in two versions,
the original was designated PR1, with later versions as PR2.
It is suitable for use both for manual data collection in a net-
work of tubes and as a permanently installed device. In the
latter application, it can be connected to a data logger for
unattendedmonitoring ofwater content over time at several
depths. Care must be taken when placing the probe onto an
access tube. There is a groove and retained ‘O’-ring in the
underside of the top cap,whichmust be pressed down to seat
firmly onto the top of the access tube. And the orientation
must be correct. For mobile application, Delta-T produces
a small handheld reader (the HH2), which can also be used
with Theta Probes and Equitensiometers. Alternatively, it
is not too difficult to provide power from a small battery
pack and use a portable digital voltmeter to read the output.

One possible strategy is to place a Profile Probe in an
access tube connected to a data logger and then periodi-
cally, say weekly, to remove it from that tube and take
manual readings from a network of nearby tubes using a
handheld reader, replacing the Profile Probe in its ‘perma-
nent’ position afterwards.

For some applications, the depth limitation of 1m is a dis-
advantage. No easy solution exists for this, although it may
be possible to place an access tube at the bottom of a deeper
and wider lined hole, in a similar manner to that described
for tensiometer placement (Section 12.6 and Fig. 12.14).

8.9 ECH2O Probe

The ECH2O Probe, developed and manufactured by
Decagon Devices, uses another approach to measure the
medium permittivity. Early versions (EC20) used a rela-
tively low-frequency 5 MHz square-wave oscillator and
200mm long electrodes. Later ones (EC5) have 50 mm long
electrodes and a 70 MHz oscillator. The basic circuit
arrangement is shown in Fig. 8.49. An oscillator feeds a
square-wave voltage signal through a resistor, R, to the
probe electrodes, which in this case are flat copper conduc-
tors encased in a plastic insulator. The electrodes, with
capacitance, Ce, plus any stray capacitance, Cs, in the cir-
cuit form a capacitor of capacitance, C. This capacitor is

Fig. 8.48 Delta-T PR2 Profile Probe (upper part) in epoxy access
tube. Image courtesy of Delta-T Devices Ltd. Fig. 8.49 Schematic diagram of an ECH2O PROBE.
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measured by repeatedly charging and discharging it as the
voltage applied to resistor, R, switches between two fixed
voltages. If the voltage, V, on the capacitor immediately
after the supply voltage switches from zero to a voltage
Vf, is Vi, then according to the analysis in Section 8.3.2
and Equation 8.3.14, V will be after a time t:

V =Vi + Vf −Vi
	 


1−e− t
RC

� �
: ð8:9:1Þ

The larger the value of C, the greater the time constant,
RC, and so the smaller the voltage on the capacitor at any
time. However, since it takes a longer time to reach a
threshold value, Vt, the average voltage during which it is
less than this value, will be greater, as shown in Fig. 8.50.
Taking the root-mean-square voltage below the threshold
voltage and rejecting that above it gives a dc output approx-
imately linear in

ffiffiffi
ε

p
.

Bogena et al. (2007) and Kizito et al. (2008) both pre-
sented laboratory comparisons of the performance of the
EC5 version of the ECH2O probe against known liquid
dielectrics of different electrical conductivity and tempera-
ture. They found only limited sensitivity to both variables.
The TE version of the probe incorporates both temperature
and electrical conductivity sensors, allowing the readings
to be corrected for both, as well as providing measurement
of these important variables. Laboratory tests in soil gave
calibration curves that differed from the conventional
TDR equations, but varied little between soils. Field tests
also gave encouraging results.

8.10 Hydra Probe

The Hydra Probe shares some similarities with the Theta
Probe in having a very similar electrode configuration

and relying on a fixed frequency measurement (in this case
50 MHz), which relates to the characteristic impedance of
the electrodes. The permittivity of the soil in which the
sensor electrodes are embedded is calculated from this.
Unlike the Theta Probe, however, the Hydra Probe mea-
sures both the real and imaginary parts of the permittivity,
allowing for separate estimation of the electrical conductiv-
ity of the medium. The rods of theHydra Probe are 57 mm
long in a circle of diameter 30 mm.

TheHydra Probe (Fig. 8.51) has evolved from thework of
Campbell (1990), who devised a simple way to measure
both real and imaginary parts of the electrode array.

8.11 Installation of Access Tubes for Dielectric Probes

Most of the earlier discussion about field measurements,
particularly that related to neutron probes (Section 7.3)
and TDR (Section 8.6.2), applies to all dielectric probes.
The general principles will not, therefore, be repeated. All
dielectric devices have a smaller measurement volume
than the neutron probe, and so even greater care is needed
to avoid soil and ground disturbance.

Different manufacturers and commentators advocate
various ways to achieve this (e.g. Bell et al., 1987; Sentek,

Fig. 8.50 Voltage variation on capacitors of large and small value in response to a square-wave input voltage. The average voltage on the
larger capacitor is greater while below the threshold, Vt, (darker shaded area) than that of the smaller capacitor(lighter shaded area). From
Bogena et al. (2007). Reproduced with permission of Elsevier Science Publishers B.V.

Fig. 8.51 The Hydra Probe. Photo courtesy of Stevens Water
Monitoring Systems Inc.
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2003; Delta-T, 2005), but all employ similar principles to
protect the ground surface and crop and to support the
access tube and/or boring equipment to avoid enlargement
of the hole near the surface.

The ground surface and crop are protected by a metal
plate or tripod, which is anchored to the soil by sturdy
metal stakes or screw augers. Keepingmost of the assembly
above the soil surface helps to prevent crop damage and
avoids surface compaction.

An extended support, fixed to the ground protection
plate, for the access tube or the shaft of an auger minimises
the danger of hole enlargement by lateral movement of the
equipment during installation.

As an illustration, the method described by Bell et al.
(1987) will be used. As noted earlier, the access tube must

be made of plastic and so does not possess the strength or
rigidity of most metals. The equipment and procedure is
a development of that used for installing neutron probe
access tubes, incorporating additional measures to mini-
mise disturbance to the soil around the tube.

Bell et al. (1987) devised a rigid aluminium baseplate
(Fig. 8.52), which could be anchored firmly to the ground
using short (~200 mm) screw augers which locked to the
baseplate. This enables the baseplate to be mounted level,
with its centre 40mmabove the ground surface, thus avoid-
ing pressure on the surface. A 640 mm long plastic sleeve
screws into a boss in the centre of the baseplate. The plastic
sleeve is a sliding fit for the plastic access tube (50 mm out-
side diameter in their case), keeping it vertical and avoiding
a gap forming around the top of the tube in the soil.

Fig. 8.52 Installation equipment for plastic access tubes. The equipment includes ground anchors to hold the baseplate rigid, a plastic
pillar to support the access tube and prevent lateral movement and a steel inner guide tube to drive a steel cutting shoe fixed to the
bottom of the access tube. For recovery of known volume soil samples from inside the access tube for soil calibration, the bottom of the
auger is ground flat and holes are drilled in the auger stem for a locating pin. From Bell et al. (1987). Reproduced with permission of Elsevier
Science Publishers B.V.
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The access tube is fitted with a steel cutting edge of the
same outer diameter and bevelled on the inside. A steel
tube, a fewmillimetres longer than the access tube, fits into
the cutting head. A steel driver head, similar to that
depicted in Fig. 7.11a, screws to the top of this tube to take
the impact of driving the tube into the ground.

Bell et al. (1987) also devised a procedure for recovering
known volume samples of soil during installation of the
access tube for subsequent calibration of the capacitance
probe. To collect accurate volume samples, a screw auger
with a flat bottom is needed, of diameter slightly smaller
than the inner diameter of the steel guide tube. The stem
of the auger has two holes drilled through it to take a locat-
ing peg. One hole is positioned so that when the end of the
auger bit is level with the bottom end of the cutting shoe, a
locating peg through that hole rests on the top of the steel
guide tube. The other hole is 40 mm above this, so that
when a locating peg in this hole rests on the top of the steel
tube, the end of the auger protrudes exactly 40 mm beyond
the end of the cutting shoe. Also to aid accurate depth loca-
tion, the access tube should be marked at 40 mm intervals.

A shallow plastic tray of diameter about 300mm, with a
circular hole in the centre of diameter equal to the outside
diameter of the access tube, is valuable to catch loose soil.
The tray should have a hole of about 25 mm diameter in
its base near the outside edge, which can be sealed with a
rubber bung, to make emptying soil from the tray simple
(see Fig. 8.53).

The procedure is as follows. Steps 7–11 are almost iden-
tical to those described for obtaining samples for neutron
probe calibration, described in Section 7.7.2. Figure 7.20
gives further information.
1 Set up the baseplate at the chosen spot by placing it on
the ground and screwing the three ground anchor augers
into the soil through the holes in the corner of the base-
plate, leaving sufficient protruding to allow the baseplate

to sit the correct distance above the surface. This should
be so that the top of the boss in the baseplate is the same dis-
tance above the ground as the desired stick-up (the amount
of access tube protruding above the surface – usually
about 40 mm).
2 Fix the screw augers to the baseplate using the threaded
discs to hold the baseplate rigid and level.
3 Screw the plastic sleeve into the boss in the centre of the
baseplate.
4 Fit the steel guide tube into the cutting shoe through the
plastic access tube and gently lower the assembly into the
plastic sleeve so that the cutting shoe rests on the ground
surface.
5 Using the rammer, gently tap the top of the steel tube
80 mm into the soil. Markings on the access tube should
align with the top of the plastic sleeve to achieve this.
6 Place the locating peg in the lower hole of the auger
stem and auger out soil from the tube and discard. Repeat
until no more soil is removed. This ensures that the tube
is empty and the hole reaches 80 mm below the surface.
Reliable measurements in the upper 80 mm of the soil
are difficult to achieve, as the field between the probe elec-
trodes is partly in air.
7 Now transfer the locating peg to the upper hole of the
auger stem and auger until the peg reaches the top of the
guide tube. Remove the auger from the steel tube and
shake the soil into a small polythene bag. The plastic tray
around the access tube should ensure that no soil is lost.
It is important to put this soil into the plastic bag imme-
diately to prevent loss of water from it. This is most con-
veniently done by sweeping the soil with a small brush
through the hole in the tray and into the plastic bag.
Repeat this until no more soil is recovered, as some soil
often falls off the auger and back into the hole. The hole
should now extend 40 mm beyond the end of the cut-
ting shoe.
8 Gently tap the top of the steel tube with the rammer
until it advances by 40 mm (i.e. to the bottom of the pre-
bored hole).
9 Replace the locating peg in the lower hole of the auger
stem and auger out the loose soil that has been shaved from
the side of the hole. Transfer the soil to the plastic bag.
Repeat as many times as necessary to remove all of the
loose soil. Seal the bag and label it with a marker pen with
date, site and hole identification and depth range. Seal
inside another bag to minimise evaporation and place
inside a covered container or, preferably, a cooled box, in
a shady place.
10 Repeat steps 8–10 until the top of the access tube is level
with the top of the boss in the baseplate. The access tube
should now protrude 40 mm above the ground.
11 Seal the bottom of the access tube. This may be done
with a close-fitting rubber bung or an expanding silicone
rubber sealing device (Fig. 7.14). Depending on the soil, a
rubber bung may be difficult to insert against air pressure
in the tube (or water pressure if the hole penetrates below
the water table). In some situations, a rubber bung has a

Fig. 8.53 Collecting tray to avoid soil loss from the top of the
guide tube.
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tendency to work its way up the tube and so an expanding
seal, albeit more expensive, is a safer option.

NOTES
• This procedure envisages installing the tube as a single
length. For a tube longer than about 1.5 m, a stable plat-
form for the installer to stand on above the ground is
needed. An alternative procedure is to machine the access
tube before installation into approximately 1.5 m lengths,
with a socket on one part and spigot on the other. The
tube is usually quite thin-walled, so the ends are easily
damaged. The two parts can be joined using PVC glue as
they are installed. There is a danger that glue will intrude
into the access tube, making it impossible to insert the
probe, so it is important to apply glue only to the spigot
(i.e. the male part). This will ensure that excess glue is
extruded only on the outside of the joint, allowing it to
be wiped off. The steel guide tube will also need to be sec-
tional and screwed together.
• Friction between the plastic tube and the formation can
be very considerable, especially in clay soils. Themethod of
installation described requires that the plastic tube be
pulled into the soil by the cutting shoe. Failure of the plastic
around grub screws used to fix the cutting shoe to the tube
is commonly experienced.When this occurs, some progress
may be made by driving the top of the plastic tube directly
and pushing the plastic tube, rather than pulling it. How-
ever, plastics are generally good at absorbing impact, rather
than transmitting it. This is, however, the method recom-
mended by Sentek for installation of EnviroScan tubes
(Sentek, 2003). High-performance adhesives may offer a
better way to bond the cutting shoe to the access tube.
Lubrication of the tube as it goes into the soil with small
amounts of water from a spray gun may help.
• Because of friction between the tube and its surround-
ings, it is difficult to install tubes to a depth greater than
2 m using this technique (shallower in some instances),
although 3 m depth can be achieved in some situations. If
the soil is sufficiently cohesive, installation in a predrilled
hole the same diameter as the access tube has been used
successfully for installation of deep (6 m) tubes. This is
almost certainly necessary in cemented porous rock such
as sandstone or chalk.
• Small stones do not present too large a problem and can
often be removed from the tube using a screw auger with a
large pitch or a gouge auger. Larger stones are much more
difficult. Because the capacitance probe is much more sen-
sitive to the conditions immediately around the tube than
is a neutron probe, disturbance caused by a large stone is
potentially fatal to the chance of achieving an acceptable
installation. The usually larger diameter of the access tube,
however, helps to cope with larger stones, especially if the
steel inner tube is removed temporarily to provide more
room for the auger to pick up the stone. If there are partic-
ularly difficult sections of the profile where stones are a
problem, accurate recording of these during installation
helps future interpretation of the measurements.

• Slightly different installationmethods are recommended
by different manufacturers (e.g. Sentek, 2003; Delta-T,
2005; IMKO, 2013a). In particular, different augers (e.g.
gouge or Edelman) or screw augers of different pitch may
work better in some soils, particularly where they are
stony, loose, sticky or very hard. The access tubes for
Delta-T profile probes are supplied with an end cap fitted,
and so must be inserted into a pre-bored hole. Their small
diameter (28mm) precludes the use of a steel guide tube and
so holes must be augered directly into the ground. Great
care is required to achieve a clean hole. Delta-T recom-
mends boring a pilot hole first, then a slightly larger one
before inserting the access tube.

8.12 Permanent Installation of Rod-Type Probes

The same considerations as described in Section 8.6.2 for
TDR probes and in Section 8.6.9 for the CS616 sensor apply
to installation of capacitance-type rod probes. Rod-type
capacitance-based probes are, however, usually shorter
than these instruments, and so it is even more important
that they are installed into soil that is not disturbed at its
surface and that they are inserted fully. In particular, if
the sensor is installed in the bottom of a predrilled, hole,
great care is needed to ensure that there is no loose soil
in the bottom and that the bottom of the hole is flat.
A flat-bottomed auger can achieve this if the soil is suffi-
ciently cohesive. A motor-driven vacuum cleaner, as used
in gardenmanagement, can be used for removal of loose soil
at the bottom of a hole.

8.13 Field Monitoring

The same considerations apply to field monitoring with
dielectric probes as to other devices – avoidance of damage
to the soil surface and surrounding vegetation, care in
recording the readings and ensuring that locations are rep-
resentative of the surrounding area. It should also be
remembered that these devices have a small measurement
volume, which usually means that spatial variability is rel-
atively high, and so requires a fairly large number of repli-
cates to obtain a good estimate of the average value of either
water content or its change. Because of the small measure-
ment volume, measurements can also be seriously biased
by disturbance to the soil close to the instrument, demand-
ing that extra care be taken not to disturb it.

8.13.1 Depth probes

The small depth resolution makes accurate and consistent
vertical placement of the probe very important for obtain-
ing good quality data. Most commercial instrumentation
has features to aid in this, either having positive, pre-set
positions built into the loweringmechanism, or, in the case
of the Diviner 2000 from Sentek, automatic depth sensing.
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This triggers a reading every 100 mm depth as the probe is
inserted into the access tube. Whichever system is in use,
however, the top of the access tube is usually the reference
level; and if the instrument is not placed correctly on that,
there will be an error of the same amount in each reading.
This type of probe is also sensitive to rotational orienta-
tion in the tube, and so the devices usually incorporate a
mechanical means to ensure that it will always be in the
same orientation when inserted.

In the field, checks should be made frequently that the
probe reads consistentlywhen in the air andwell away from
any objects. The electronics have proved to be very stable
over time, so any departure of this air count by more than
0.1% from that normally experienced would be indicative
of either a fault or a low battery.

8.13.2 Rod-type probes

The most important considerations are to ensure that the
rods are inserted straight into the ground and not using a
rocking motion and that they are fully inserted. In some
soils, especially when dry, it may be impossible to insert
the rods into the soil to their full length using hand pressure
only. In this case, insertion to, say, 50 mmmay be the only
option. To ensure consistent depth placement, the upper
part of the rods should be covered with a plastic sleeve,
as shown in Fig. 8.41, so that the rods can be inserted until
the sleeve contacts the ground surface. To ensure consist-
ent results, the same depth of insertion must be used on
all occasions.

The pointed rods of portable probes compress the soil
around them, which is the most sensitive part of the region
to which the probe reacts. This has the effect of increasing
the water content locally, and water will often start to
migrate away from the region immediately next to the rods.
This will be seen as a slowly falling water content. To
ensure standardisation of methodology, it is suggested that
the reading on first insertion be recorded. The disturbance
to the water regime will then have to be accounted for in
the soil calibration.

Rod-type probes are often not installed permanently.
Measurementswill, therefore, be subject to spatial variabil-
ity, which reduces the precision ofmeasurements consider-
ably when comparing readings from one measurement
occasion to another. To minimise this, if sequential mea-
surements are required, the following procedures should
be adopted:
• Choose a small area of approximately 1 m square in
whichmeasurements are to bemade. To obtain a good areal
average, it may be necessary to have a number of such
squares (see Chapter 4).
• Make at least three replicate measurements on each
occasion, all within this area and distributed fairly evenly
within it. Avoid any places where the marks from previous
measurements are visible.

Experience will show whether the number of replicate
squares and/or the number of measurements made in each

square should be increased or decreased. It is best to start
with a high number of each and reduce one or both once
the sampling programme has been operating for some time,
preferably at least 1 year.

8.14 Soil Calibration

8.14.1 Depth probes

Calibration for a depth probe may be done in the same way
as for the neutron probe (Section 7.7.2), either in the labo-
ratory or field. In either case, the fact that the measuring
volume is smaller changes some of the requirements.

In laboratory calibration, the volume of soil needed is
considerably less, making it much easier to obtain well-
controlled water content and bulk density profiles in a con-
tainer, which need be no larger than 300 mm diameter.
Paltineanu and Starr (1997) used a square wooden box of
355 mm side and 405 mm deep, while Baumhardt et al.
(2000) used 500 mm diameter plastic barrels.

For field calibration, the same approaches may be used
as for the neutron probe, similar to those described in
Section 7.7.2. Because dielectric probes measure a smaller
volume than the neutron probe, samples should be nomore
than 100 mm high. When a temporary access tube is used,
the samples should be taken as close as possible to it to
ensure that they come from within the volume of soil
recorded by the probe.

The steady irrigation method (Carneiro & de Jong, 1985)
as described in Section 7.7.2 may be used if one assumes
that water content is linear in
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relation. From the discussion in Section 8.4.1, this

is expected to be close to and a little less than 0.125. The
same principle can be applied even if the exponent of ε dif-
fers from 0.5.

Samples from within the access tube would be expected
to give the closest correspondence to the soil actually
encountered by the probe, while leaving a tube that can
be used in situ for later monitoring, as described in
Section 8.11. However, the volume of soil is smaller than
can be obtained by using a separate sampler, the soil
removed from the tube is not actually the same soil as
sampled by the probe and soil conditions relate only to
one occasion, so the spread of water content may be lim-
ited. Good results have, however, been obtained by this
method (Bell et al., 1987).

8.14.2 Rod-type probes

Samples for calibration of rod-type probes may be taken
from the soil immediately surrounding the rods.
A cylinder of diameter about twice as large as the distance
between the rods and centred on the holesmade by them, as
in Fig. 8.54, should be taken. The height of the cylinder
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should be the same as the length of the rods. The sampling
equipment should preferably be thin-walled (≲1mm)metal
cylinders. If the soil is not sufficiently soft, thicker steel
cylinders with a sharp external bevel as shown in Fig. 8.55

can be used. A flange on the outside of the sampler indicates
when the sampler has penetrated the correct distance into
the soil. The sampler should, in either case, be dug out of
the soil and excess soil trimmed with a sharp knife or spat-
ula level with the bottom. In some cases, the soil will com-
press in the sampler as a result of friction on the wall of
the sampler. Unless this has become solidly stuck in the
sampler and the soil beneath has become compressed, the
correct amount of soil should have been collected, and
so no compensation need be made. This should, however,
be recorded, as should any other problems, such as those
caused by stones.

8.15 Ground-Penetrating Radar

8.15.1 Introduction

Ground-penetrating radar (GPR) has been used for a few
decades for investigations in the shallow (a few metres)
subsurface to identify objects and anomalies without the
need for excavation. The approach was largely empirical.
More recently, a quantitative approach has been taken to
hydrological and hydrogeological investigations to provide
rapidmeasurements of water content, electrical conductiv-
ity and identification of preferential flow paths.

GPR has strong links to the other dielectric methods
discussed earlier in this chapter and with remote sensing
methods used for measurements of large areas from satel-
lites or aeroplanes.

In general, GPR can provide measurements of soil water
over larger areas and volumes of soil than the ‘point’meth-
ods described earlier in this book. At the same time, the
actual volume measured is less well defined and, in com-
mon with most methods, varies with the water status of
the soil. The equipment is expensive, but usually portable
and so can be used at a large number of locations. Repeated
measurements at the same spot are aided by the incorpora-
tion of Geophysical Positioning System (GPS) equipment
into most commercial instruments.

There are three basic ways in which GPR can be used for
soil watermeasurements: on the surface, from a borehole or
boreholes and from above the surface.

8.15.2 Principles of operation

The equipment comprises essentially a transmitter of
microwave radiation, a transmitting antenna, a receiving
antenna, a receiver and a timer connected to both transmit-
ter and receiver to measure the travel time between the
two, as shown in Fig. 8.56. In operation, a short (few nan-
osecond) pulse of electromagnetic waves is generated by
the transmitter, sent to the transmitting antenna and
picked up by the receiving antenna. The frequency range
is controlled mainly by the length of the antennae, l. Usu-
ally, the centre frequency, fc, is quoted. This is the mid-
point between the upper and lower frequency at which

Fig. 8.54 Calibration scheme for a rod-type probe. A reading is
first taken using the probe and then a cylinder of soil containing
that sampled by the probe is removed for gravimetricwater content
determination. The height of the cylinder is equal to the length of
the probe rods and its diameter is approximately double that of the
rod separation.

Fig. 8.55 Sampler for taking soil samples at the soil surface.
Note the headroom above the level of the bottom of the flange
to prevent compression.
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the power is 10 dB lower than (i.e. one-tenth of ) the max-
imum power transmitted. This is close to the frequency
corresponding to a wavelength four times the length, l,
of the antenna; that is fc = c=4lð Þ, where c is the speed of
light in air (3 × 108 m s−1). In practice, the effective frequen-
cies occupy a range between 0.5 and 1.5 times fc. The
receiver records the signal detected by the receiving
antenna at time intervals of <1 ns to a few nanoseconds,
depending on the antenna used.

The radar pulse is transmitted in all directions, butmost
strongly perpendicular to the antenna. For this reason the
antennae will normally be placed parallel with the ground
surface. Part of the signal travels directly from the transmit-
ting to the receiving antenna through the air. This is called
the air wave. The distance, and hence the travel time,
between them is known, which then allows the amount

of delaywithin the electronics to be calculated and a correc-
tion applied to all other times.

The most interesting part of the pulse is that which tra-
vels through the ground. One part travels directly from one
antenna to the other, called the groundwave, but at amuch
slower speed of c=

ffiffiffiffi
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p	 

than the air wave. Other portions of

the signal are reflected from electrical discontinuities
beneath the ground. These may be buried objects, bound-
aries between soil layers of contrasting dielectric properties
or thewater table (actually the top of the capillary fringe). In
some coarse-textured soils, the wetting front after rain or
irrigation may be detectable.

For soil hydrological purposes, the main interest is that,
like TDR, the time taken for the pulse to travel from trans-
mitter to receiver depends on the path length and the rela-
tive permittivity of the material. For the ground wave,
therefore, the transit time will allow a measurement of
the near-surface soil water content to be computed.

Some possible path lengths for the signal are shown in
Fig. 8.57. In complex situations, there are obviously many
different paths possible, which can make interpretation of
the received signals difficult. For instance, one would
expect that the ground wave would be the first to arrive
at the receiving antenna after the air wave. This is not
always so, however. If the layering is such that the speed
of travel in an upper layer is slower than in an underlying
one, then thewavewill be refracted at the interface tomake
a shallower angle with the interface. At the critical angle of
incidence, the refracted wave will be parallel to the inter-
face and travel faster than the ground wave in the lower
layer. A portion of this wave can then be refracted back
through the interface to the receiving antenna and may

Fig. 8.56 Components of a GPR system. Fibre-optic connections
between the different units are used to avoid electrical interference
caused by metal-cored cables.

Fig. 8.57 Ray paths for GPR-generated waves in a layered medium. (a) Reflection from an interface and a buried object with no
separation between antennae. (b) Reflections and refractions at interfaces with separated antennae The permittivity of the lighter-
coloured layer is lower than that of the darker one, and so the speed of the wave is greater and it is refracted towards the interface
in the lighter-coloured material. (c) At greater antenna separation, a critically refracted wave can travel through the faster medium
and may reach the receiving antenna before the ground wave. (See insert for colour representation of the figure.)
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well arrive earlier than the ground wave. At even shallower
angles of incidence, total internal reflection occurs. This is
identical to the more familiar optical phenomenon, where
the speed of light is inversely proportional to the refractive
index and total internal reflection occurs at an interface
when light travels at a sufficiently shallow angle from,
say, glass towards air.

The time taken between transmission and reception of
the pulse is determined by the average speed of the radio
wave and the path length. Where there are multiple paths
for the wave to exploit, as in Fig. 8.57b and c, several differ-
ent arrival times will be recorded. Interpreting these
depends on a knowledge of the important aspects of the
subsurface environment. For instance, in the configuration
of Fig. 8.57a, if the distance between the antennae and
either the interface or buried object is known, then the
speed of travel, and hence the average permittivity of the
medium can be calculated in a very similar manner to
TDR. On the other hand, if the objective is to measure
the depth of either of these, the medium permittivity must
be known. Inmost cases of interest, neither is known at the
outset with sufficient accuracy. However, by varying the
position(s) of the antennae, this can often be resolved.

8.15.3 Antenna configurations

The most common arrangements are shown in Figs. 8.57a
and 8.58. Where the antennae are effectively coincident, as
in Fig. 8.57a, the same antenna can, in some cases, be used
for both transmission and reception, although this is not
common.More commonly, the two antennae are separated
by some distance, as shown in Fig. 8.58.

The set-up shown in Fig. 8.58a is normally used for sur-
veying large areas to investigate variations of depth to an
interface or to find buried objects. The transmitting and
receiving antennae are kept the same distance apart,

usually in the same housing. The survey is normally
performed over a number of transects, usually parallel to
one another, forming a grid pattern, so that a mapping of
the subsurface is obtained. Data acquisition can be very
rapid in this mode. The antennae are pulled along the
ground surface by hand for small areas or by a vehicle driv-
ing at slow speed (a few kilometres per hour) or even by a
boat on the surface of a lake.Where a vehicle or boat is used,
the antennae are towed on several metres of rope to avoid
metal parts disturbing the readings. Reading events are trig-
gered by a timer, by a GPS or by awheel attached to the sled
carrying the antennae to record data at regular distance
intervals.

Thewide-angle reflection and refraction (WARR) config-
uration (Fig. 8.58b) uses a fixed transmitting antenna and
a movable receiving antenna to investigate conditions
over a small area. Often the symmetrical common mid-
point (CMP) configuration (Fig. 8.58c) is preferred as data
are more easily interpreted. However, it is more time-
consuming than WARR, since both antennae must be
moved for each measurement.

Multiple measurements allow both depth of a buried
object and average permittivity of the medium to be
resolved. Figure 8.59 shows how this works for a fixed sep-
arationmoving antenna. The object is located at a distance,
z, below the surface. The horizontal distance between the
transmitting antenna and the object is, successively, x1,
x1, x3, … and the transmit – receive antenna separation is

d. The path length from T1 to the object is
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x1− d

2

	 
2
+ z2

q
,

and the time taken for a pulse to travel from the antenna

to the object is therefore
εr

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x1 −

d
2

	 
2
+ z2

q
c . Similarly, the time

taken for the pulse to return to the receiving antenna,R1, is

εr

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x1 +

d
2

	 
2
+ z2

q
c . The total pulse travel time, t, is, therefore

Fig. 8.58 Common configurations for separated antenna measurements using GPR at the ground surface. (See insert for colour
representation of the figure.)
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c
: ð8:15:1Þ

If the antennae are coincident, that is the separation, d,
is zero, this reduces to

t=
2εr

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2
1 + z

2
q

c
: ð8:15:2Þ

This is the equation of a hyperbola and, by plotting t2

against x2, a straight line should be obtained with a slope

of
4εr2

c2
and intercept

4εr2

c2
z2. Thus both the average permit-

tivity and depth of the object can be found. If d is relatively
small compared with z, these relations can be used to give
acceptably accurate values for εr and z, particularly bearing
in mind that the object is of finite size, which has been
ignored in the above, and that εr is unlikely to be constant
along the transect.

For WARR or CMP, the same kind of analysis can be
applied to determine the depth to a reflecting layer. In
the case of CMP, the reflection occurs at x = 0, that is the
midpoint between the antennae, and so by varying the sep-
aration between the antennae, d, Equation 8.15.2 becomes

t=
εr

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2 + 4z2

p

c
: ð8:15:3Þ

Again, plotting t2 against d2 yields a straight line with

slope ε2r =c
2

	 

and intercept

4ε2r
c2

z2, where in this case, z is

the depth to the interface.
Further information can be obtained from the arrival

times of other reflected and refracted waves. The methods
are very closely related to seismic surveys, much used in

geological surveying, which use sound waves to recon-
struct the properties of the subsurface environment. Many
of the methods of analysis and data presentation are taken
directly from this older-established technology.

8.15.4 Antennae

The choice of antennae principally determines the range of
frequencies in the transmitted signal, as described earlier.
Higher frequency signals have a shorter wavelength and
enable higher resolution images to be obtained. On the
other hand, higher frequencies are more easily attenuated,
reducing the penetration depth and require faster sampling
by the receiver. Penetration depth varies not only with fre-
quency but also depends on the type of material encoun-
tered. It may vary from less than 0.5 m with 1.5 GHz
antennae to 100 m or more in ice or dry sand at 100
MHz, but only a few m at 900 MHz. In clay soils, penetra-
tion depths may be only 1% of these.

The size of the antenna determines the frequency,which
means that lower frequency antennae are physically large.
For instance, a 100MHz antenna is about 1 m long, while a
900 MHz one can be only about 100 mm.

Some antennae incorporate shielding to improve direc-
tionality and reduce power radiated to (or picked up from)
the surroundings. Most antennae, however, are simple
dipoles, which radiate in all directions with a polarisation
parallel to the dipole axis. For specialised applications,
antennae which generate circularly polarised radiation
are available.

8.15.5 Borehole GPR

Measurements of soil water using GPR at the surface are
limited in depth mainly by attenuation of the radar signal,
but also interpretation of the signals is difficult, with many
different factors contributing to the images. The least ambig-
uous signal is from the ground wave, whose travel path and
arrival time is known almost unambiguously. But even here,
there may be problems in identifying the ground wave from
critically refracted and reflected waves and the ground wave
is attenuated more than other waves (Huisman et al., 2003).
Defining the effective depth of measurement is a further dif-
ficulty. Theoretically, it depends on the wavelength of the
radiation, which, in common with the effective measure-
ment volume for most other water content measurement
methods, depends on the water content. In practice, it
appears that for frequencies in the 225–900 MHz range,
the measurements effectively average over the upper
200 mm of soil (Huisman et al., 2003). Except where there
is a sharp wetting front within the measurement volume,
there are normally strong correlations between water con-
tent at nearby depths, so this result may not be surprising.

An alternative and, in some ways, more productive
approach is to transmit the signal from an antenna in one
borehole to another one in a nearby borehole. This means
that the radio wave travels through the entire thickness

Fig. 8.59 Estimating depth of a buried object and permittivity
using moving antennae. (See insert for colour representation of
the figure.)
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of soil or rock between the two holes and, therefore, pro-
duces an average measurement of permittivity, and hence
water content, from a large volume of soil over a relatively
narrow path.

Two arrangements are possible, as shown in Fig. 8.60. In
zero-offset profiling, the transmitting and receiving anten-
nae are kept at the same depth andmeasurementsmade at a
series of depths. If the ground between the boreholes were
homogeneous, the volume of measurement would be a
narrow ellipsoid as shown in the figure. Heterogeneous
conditions distort this. Multi-offset profiling (MOP) makes
measurements between pairs of antennae at both the same
and different depths. This is obviously a much slower proc-
ess and may be useful only where conditions remain stable
over several hours. It is not, therefore, suitable for observing
the penetration of a wetting front after rain or irrigation.
A two-dimensional representation of water content distri-
bution between the two boreholes may be constructed
by inversion of MOP data. This is done by dividing the
domain into a number of pixels and modelling the transit
times between all the antenna positions. Thewater content
of each pixel is adjusted until the predicted and measured
times match as closely as possible (see Section 17.13).
The method can be extended to produce a three-
dimensional image if measurements are made in several
boreholes. Obviously, both the time required to make the
measurements and the computing requirements rise rap-
idly as the number of boreholes and depths increase.

8.15.6 Surface Reflection Measurements

Theseare sometimesknownasair-launchedmeasurements.
Both the transmitting and receiving antenna are positioned
above the ground surface, usually coincident with one
another. The amplitude of the reflected pulse is dependent
on thepermittivity of thenear-surface soil, and so ameasure-
ment of surface soil water content can be calculated.

The reflection coefficient, R, of the air–soil interface is
given by (Huisman et al., 2003)

R =
1−

ffiffiffiffi
εr

p
1 +

ffiffiffiffi
εr

p ; ð8:15:4Þ

where εr is the relative permittivity of the near-surface soil.
In practice, the amplitude,A0, of signal received from a ‘per-
fect’ reflector, usually a metal plate larger than the foot-
print of the radar is needed to calculate the reflection
coefficient. R is then Ar/A0, where Ar is the amplitude of
the signal reflected from the soil and Equation 8.15.4 can
be rearranged to give (Davis & Annan, 2002; Redman
et al., 2002; Huisman et al., 2003):

εr =
1 + Ar=A0ð Þ
1− Ar=A0ð Þ

� �2

: ð8:15:5Þ

The footprint of the signal varies with both wavelength,
λ, of the signal and (more obviously) the height, h, of the
antennae above the ground surface and is given approxi-
mately by the diameter, D, of the first Fresnel zone
(Huisman et al., 2003):

D =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λ2

4
+ 2hλ

� �s
: ð8:15:6Þ

8.15.7 Licensing

GPR involves a radio transmitter and so has the possibility
to cause serious interference to other radio signals and
many kinds of electrical and electronic equipment. Inmany
countries electronic goods must pass tests to ensure that
they are immune from malfunction caused by normal
levels of radio wave activity in the environment and also
radiate less than an acceptable amount of radiation at fre-
quencies up to those of very short microwaves. In most
cases, failure to stay within these levels may cause serious
annoyance; but in others, such as emergency service radios,
air bag activators in cars or some medical equipment, the
results could be very serious. Hence, the regulations are
very strict. Proper design eliminates problems in most
cases. However, with a GPR transmitter, radiating radio
waves over a broad spectrum is its principal function, and
so compliance with regulations for ordinary electronic
equipment is not an option. Instead, licensing is required
in most countries. The details vary from one country to
another, but the principle is that the equipment may be
used only at well-defined places (and possibly also times)
and several other conditions may be stipulated to avoid
unacceptable effects. In remote areas, the conditions may
be less stringent than in densely populated areas. Guidance
is available from national communications regulators as
well as GPR manufacturers and their trade associations.

8.15.8 GPR – Conclusion

Applications and the technology of GPR are developing
rapidly. It has been possible only to provide a brief overview
of its scope here. Good reviews of applications to measure-
ment of soil water have been published by Davis & Annan

Fig. 8.60 Borehole GPR configurations. (See insert for colour
representation of the figure.)
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(2002) and Huisman et al. (2003). Books describing the the-
ory and applications of GPR generally are those by Daniels
(2004) and Jol (2009), while recent chapters on the use of the
methodology for soil water measurement can be found
in books by Rubin & Hubbard (2005), Vereecken et al.
(2006) and Kirsch (2009).

8.16 Dielectric Methods – Conclusion

Since early attempts to measure water content in soil,
the use of dielectric methods has advanced considerably.
The seminal work of Topp et al. (1980) paved the way for
its practical use in laboratory and field investigations. Topp
et al. (1980)’smethod relied onmeasuring the speed of prop-
agation of an electromagnetic wave in the soil guided by
two parallel electrodes, known as TDR.

More recently, many devices have been introduced
based on measuring the capacitance between small (less
than 100 mm in extent) electrodes. The first practical
instrument was described by Dean et al. (1987) and Bell
et al. (1987). These devices use a variety of means for mea-
suring the capacitance between the electrodes. So-called
capacitance probes incorporate the electrodes into an oscil-
lator circuit and use the oscillation frequency (in the region
of 100 MHz) to calculate the capacitance of the electrodes.
Others, such as the Theta, Hydra and ECH2O Probes use a
fixed frequency oscillator and different means to calculate
the capacitance. Capacitance-based devices usually use
either rod-shaped electrodes inserted directly into the soil
or two ring electrodes placed one above the other with a
small gap between them inside an access tube.

Almost all dielectric devices are capable of unattended,
remote operation, allowing the collection of data with fine
time resolution over extended periods.

TDR has been the subject of most effort to improve per-
formance and reliability. Several companies produce com-
mercial devices, and it is perfectly possible to construct a
system using a commercial cable tester and rodsmade from
easily available materials. TDR appears to be the dielectric
technology least affected by electrical conductivity of the
soil, while at the same time allowing this to be measured
independently (Chapter 21). On the other hand, it gives a
measurement of total water content over the length of
the rods. In some situations, this is useful if the stock of
water within a significant depth of soil is needed, or if rods
are installed horizontally to give a good average water con-
tent at that depth. However, if the depth distribution of
water content is needed with vertical rods, this can be

estimated only by difference between rods of different
length (which may be the same rods if diode switching or
notched rods are used). Because electrical conductivity
and relaxation effects attenuate the signal, TDR may fail
to provide a measurable signal in highly conductive media
or some heavy clay soils. Because of the complexity of the
electronics and the very high-frequency signals involved,
the measuring system is expensive, although individual
sensors can be quite cheap, especially if homemade.Where
many sensors are multiplexed to one measurement unit,
the total cost of an installation may be less than that of a
similar number of discrete capacitance-based sensors. In
many mineral soils, a standard calibration curve, such as
Equation 8.4.1 or 8.4.5 can be used with confidence, but
is not adequate where the soil is rich in organic matter or
high surface area clays.

Capacitance-based sensors are usually much cheaper
than TDR for small installations. However, they mostly
suffer from a greater sensitivity to electrical conductivity
of the soil than TDR because of operating at a lower effec-
tive frequency. As a result, a soil-specific calibration is
required for most soils. The volume of soil sampled is also
small. This lies in the region most prone to disturbance
caused during installation or insertion of the sensor into
the soil. Because of this, great care must be taken to avoid
soil disturbance during this process. The small volume
sampled also increases spatial variability of the measure-
ments, meaning that, to achieve a similar precision of
measurement to other methods, a much larger number of
sample locations are needed. Comparative studies have
generally found the results from these devices to be less
reliable than those from TDR (e.g. Evett et al., 2006a). Nev-
ertheless, with great care and attention during installation
and monitoring the quality of data produced, good results
can be obtained from these devices. For applications requir-
ing relatively low accuracy, such as irrigation scheduling,
the cheaper devices are normally capable of providing infor-
mation of an appropriate quality.

The methods described earlier measure only a small vol-
ume of soil, essentially a point.Wider areamethods are being
developed. GPRhas been described briefly, which is portable
and non-invasive. The trade-off between these different
methodologies is of precision of measurement and a well-
defined location against a larger volume of soil being meas-
ured. The choice depends verymuch on the objectives of any
measurement programme; and in many cases, a combina-
tion of manual, automatic, point and wide area methods
may be the most appropriate, although this will very often
be beyond all but the best-funded research groups.
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9 Dual-Probe Heat-Pulse Sensors

9.1 Introduction

Water content affects several physical properties of soil.
Amongst these are thermal properties. It is relatively easy
and cheap to power a small heat source in soil and to meas-
ure resultant temperature changes. This is therefore an
attractive method for the measurement of soil water con-
tent, requiring only simple equipment to make the sensors.
Because both the excitation (heat source) and detection
(temperature measurement using either thermocouples or
thermistors) are electrical, the method lends itself to unat-
tended, automatic data acquisition. A further attractive fea-
ture is that the system requires very little routine
maintenance, with no moving parts involved. The draw-
backs are that the need for a heater makes the system rel-
atively power hungry, implying heavy batteries and/or
large solar panels or wind generators for field use; fairly
complex control and data analysis requirements need a
sophisticated data logger, and the volume of soil measured
is much smaller than that of most other soil water content
measurement methods.

The relevant thermal properties are the thermal conduc-
tivity, the specific heat and the thermal diffusivity, which
is a combination of the other two properties. These are
directly analogous to the hydraulic conductivity, the spe-
cific water content and diffusivity introduced in Chapters
2 and 3.

All three quantities vary with water content, but spe-
cific heat (symbol c) exhibits a particularly simple relation-
ship. It is defined as the amount of heat required to raise the
temperature of unit mass of the medium (soil) by one
degree. It is more convenient for the present purpose to
work with the volumetric specific heat, that is, the amount
of heat required to heat a unit volume of soil by one degree.
This is designated ρc, where ρ is the density of the wet soil.
Adding a volume of water, θ, to the soil is expected to
increase the volumetric specific heat by an amount θρwcw,
where ρw is the density of water (1000 kgm−3) and cw is the
specific heat of water (4.18 J kg−1 C−1), so the volumetric
specific heat of the soil is

ρc = ρdcs + θρwcw 9 1 1

where
ρdcs is the volumetric specific heat of the soil fabric;
ρd is the dry bulk density of the soil, and
cs is the specific heat of the soil solids.

The volumetric water content, θ, can then be calculated
from the volumetric specific heat of the soil as

θ =
ρc−ρdcs
ρwcw

9 1 2

This requires knowledge of the dry bulk density and the
specific heat of the soil solids. However, changes in water
content do not involve these quantities.

9.2 Principles of Operation

A dual-probe heat-pulse (DPHP) sensor usually consists of
two thin (about 1mm diameter), parallel, hollow stainless
steel needles of hypodermic tube, 30–40mm long, set
about 6mm apart, embedded in the soil. One of these con-
tains an electrical heater made from about four thick-
nesses of lacquered resistance wire. Nichrome (an alloy
of nickel and chromium) and constantan (an alloy of cop-
per and nickel) are the most commonly used materials.
Nichrome has much higher resistance for the same gauge,
but unlike constantan cannot be soldered. The other tube
contains at its midpoint a thermocouple or thermistor to
measure temperature. The arrangement is depicted
in Fig. 9.1.

In operation, the heater is switched on for a short time
(ideally it supplies an instantaneous heat pulse, but in
practice this takes a few seconds), and the temperature
at the midpoint of the other tube is monitored. In
the ideal case of an instantaneous heat pulse, the temper-
ature rise, ΔT, at a distance r from an infinitely long
line after a time t is given by (Carslaw & Jaeger,
1959, p. 258)

Soil Water Measurement: A Practical Handbook, First Edition. J. David Cooper.
© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.

FOR REFERENCE PURPOSES ONLY



ΔT =
E

4πkt
e− r2 4αt 9 2 1

where
E is the heat energy released per unit length of line;
k is the thermal conductivity of the soil, and
α is the thermal diffusivity of the soil (k/ρc).

Differentiating Equation 9.2.1 with respect to t gives

∂ΔT
∂t

=
E

4πkt2
e− r2 4αt r2

4αt
−1 9 2 2

The maximum temperature rise occurs when
∂ΔT ∂t = 0, when

tmax =
r2

4α
9 2 3

Substituting this value for t in Equation 9.2.1 gives the
maximum temperature rise, ΔTmax:

ΔTmax =
Eα

eπkr2
9 2 4

Using the definition of thermal diffusivity given above,
the volumetric specific heat is given by

ρc =
E

eπr2ΔTmax
9 2 5

DPHP sensors were first proposed by Campbell et al.
(1991). Since then, several workers have examined
the effect of various design features on measurement accu-
racy (Bristow et al., 1993, 1994a, b, 1995, 2001; Kluitenberg
et al., 1993, 1995; Tarara & Ham, 1997; Bilskie et al., 1998;
Bristow, 1998; Song et al., 1998, 1999, 2000; Kluitenberg &
Philip, 1999; Philip & Kluitenberg, 1999; Ren et al., 1999,
2003a, b; Abu-Hamdeh, 2001; Campbell et al., 2002;
Hopmans et al., 2002a; Basinger et al., 2003; Bremer,
2003; Heitman et al., 2003;Mori et al., 2003, 2005; Oschner

et al., 2003; Ham & Benson, 2004; Knight & Kluitenberg,
2004; Norikane et al., 2005; Knight et al., 2007).

These studies have shown that the approximations
involved in assuming an instantaneous heat pulse from
an infinitely long and thin line source cause only small
errors in the measurement (Kluitenberg et al., 1993); that
thermal and water content gradients within the sensed vol-
ume also cause only small errors (Kluitenberg & Philip,
1999; Philip & Kluitenberg, 1999); that the main source
of error appears to be in estimating the inter-tube spacing;
and that the sensed area around the probes (99% of the con-
tribution) is about 168mm2 for tubes separated by 6mm
(Knight et al., 2007). Temperature is measured only at
the midpoint of an approximately 30mm tube, and so
if an effective length of one third of this (10mm in this
example) is assumed, the sensed volume would be about
1700mm3 or 1.7mL. This is equivalent to the volume of
a cube of 12mm side and compares with typical volumes
of 3 − 28 × 104 L for a neutron probe, 320mL for a 200mm
long TDR probe and 200–400mL for capacitance sensors
(Evett et al., 2008). Spatial variability is, therefore, expected
to be very high. On the other hand, the technique has high
spatial resolution.

Temperature changes at the sensor are quite small for
practicaldesigns.TararaandHam(1997) calculated the tem-
perature response of a probewith E = 600 Jm−1 and r = 6mm
with a typical value of ρdcs of 1.04MJm−3 C−1. Tmax varied
from about 0.8 C for θ = 0.3 to 1.4 C for θ = 0.1. To obtain
a sensitivity of 1% by volume water content, therefore,
requires resolving temperature changes to better than about
0.03 C. For a copper–constantan thermocouple, this trans-
lates to about 1 μV, and to ensure some resilience, themeas-
urement sensitivity should be rather better than this,
perhaps 0.25 μV. Thermistors are more temperature sensi-
tive, with a typical sensitivity of 4.5% change in resistance
C−1. Using a 2.5 V supply and a resistor of the same resist-
ance as the thermistor in series with it, the voltage across
the fixed resistor changes by about 840 μV for the same
0.03 C and 1% change in volumetric water content.

For field use, the problems are the very small volume
sensed by the probes and the need to bury them in as undis-
turbed environment as possible or insert them without
deflecting the thin needles. For these reasons, the main
advantage, apart from the low cost of the sensors, is the abil-
ity to measure water content changes near the soil surface
and sometimes in the vicinity of individual roots, where
good spatial resolution is important.

Because the method involves heating the soil, the heat
injected must be allowed to dissipate and the soil tempera-
ture to recover to its ambient value before repeating ameas-
urement. This normally takes only a few minutes and so
does not cause many problems in practice.

Fig. 9.1 Schematic diagram of a dual-probe heat-pulse sensor.
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10 Electrical Resistivity Imaging

10.1 Introduction

Often shortened to ‘ERI’ and alternatively called resistiv-
ity surveying or electrical resistance tomography (ERT),
electrical resistivity imaging has been in use for several
decades, but found little application outside the geophys-
ical community until quite recently. Traditionally, it has
been used for survey work in mapping the extent of shal-
low formations and depth to the water table. Until
recently, the method relied on manual swapping of con-
nections and acquisition of data, as well as graphical data
interpretation. The first two limited the amount of data
that could be acquired, as they required inserting electro-
des into the ground and changing the connections from a
power source to a measurement device for each measure-
ment. The relatively small amounts of data collected
provided little incentive to develop sophisticated data
interpretation methods, which, in any case, require signif-
icant computing power. Coupled with some prejudice
within the soil physics community that electrical resistiv-
ity measurements could not be expected to produce relia-
ble water content measurements, the methodology took
some considerable time for acceptance as a useful tech-
nique for this purpose.

While significant effort must still be needed to install
electrodes and connect cables to them, reliable multi-way
switching equipment now allows data to be acquired much
more rapidly, in some instances automatically, and to
make repetitive measurements of the same electrode array
over a period of time. And, as for ground-penetrating radar
(GPR) (Section 8.15), the development of software and data
inversion methods to handle, analyse and visualise signifi-
cant amounts of data has moved ERI into the mainstream.
The other main recent development of ERI has been in
extending it, again similar to GPR, to cross-borehole
measurements.

10.2 Theoretical Basis of ERI

10.2.1 Electrical conductivity of a formation

The use of electrical resistivity to measure soil water con-
tent relies on the fact that as water content of the soil
increases, so does its electrical conductivity (the inverse
of resistivity). This is primarily a result of increasing num-
ber and cross-sectional area of pathways for current to flow
and reduction of tortuosity as water content increases. This
is similar to the increase in soil hydraulic conductivity as
a function of water content. For electrical conductivity,
the most commonly used relationship is Archie’s Law
(Archie, 1942). Archie recognised that the electrical con-
ductivity of a partially saturated formation depends on both
the electrical conductivity of the fluid and the water
content of the formation and proposed a relation:

σb =
σw
F

10 2 1

where
σb is the bulk conductivity of the formation;
σw is the fluid conductivity, and
F is known as the formation factor.

For a saturated formation, Archie found that F could be
expressed well by

F =
a

θs
m 10 2 2

Here
a and m are empirical constants and
θs is the saturated water content (the term porosity is often
used instead of saturated water content).
If the relationship represented the behaviour perfectly,

then awould be equal to 1.m is known as the cementation
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exponent and its value is determined by the details of the
pore space in the formation. It is usually in the range
1.3–2.0, although Cassiani et al. (2006) quote a range
of 1.0–2.5.

Inserting the formation factor expression (10.2.2) into
Equation 10.2.1, we obtain

σb =
σwθs

m

a
10 2 3

Archie (1942) extended Equation 10.2.3 to the unsatu-
rated situation by introducing a saturation exponent, n,
whose value is often close to 2, so that this equation
becomes

σb =
σwθs

m

a
θ

θs

n

10 2 4

or

σb =
σwθs

m−n

a
θn 10 2 5

Archie (1942) developed his equations for ‘clean’ sands
and sandstones, where the only electrically conducting
pathways are via the fluid phase. Many soils, particularly
those containing significant amounts of clay, conduct elec-
tricity through the matrix as well. By assuming that this
acts in parallel with the water in the pore space, Rhoades
et al. (1976) extended Equation 10.2.1 to

σb =
σw
F

+ σs 10 2 6

where σs is the conductivity of the soil matrix.
Waxman and Smits (1968) recognised that electric cur-

rent could be transmitted in the clays bymigration of coun-
terions – in their case, Na+ loosely bound to clay surfaces.
The number of ions involved in this transfer,Qv, is propor-
tional to the cation exchange capacity per unit volume of
the soil as well as to an additional factor, B, which accounts
for the counterion mobility:

B 1−be− σw γ 10 2 7

where b and γ depend on the type of clay mineral, the par-
ticular counterion and temperature. Waxman and Smits
(1968) assumed that the transport of the counterions was
limited by the same tortuosity factors as that of transport
in the normal liquid phase and so the same exponents m
and n applied. However, the number of counterions partici-
pating in this form of transport would be constant, equal to
Qv.As the water content decreases, so the concentration of
these in the solution would increase in inverse proportion.
This leads to the Waxman and Smits equation:

σb =
σwθ

n

aθsn−m
+
BQvθ

n−1

aθsn−m−1 10 2 8

Both the Archie equation and Waxman and Smits equa-
tion were developed to help in oil exploration, where the
oil-bearing formation is very often sandstone, unconsoli-
dated sandor shaly sand.Thenonaqueousphase is oil, rather
than air, and the electrical conductivity is usually caused by
NaCl. In addition, the electrical conductivity of the solution
is constant in time as a result of its depth and time since for-
mation. In near-surface soils and unsaturated rock, many of
these conditions are not fulfilled. Nevertheless, the equa-
tions appear to have general validity (Cassiani et al., 2006).
The most important limitation to the use of the equations
is that the electrical conductivity of the soil solution, σw,
may vary with time as a result of changes in soil solution
concentration and composition and temperature. Tempera-
ture correction is relatively straightforward and, in nonagri-
cultural soils, the soil solution is often sufficiently stable
that the equations can be used with reasonable confidence.

10.2.2 Current paths and electrical potentials
in the subsurface

ERI is most commonly conducted using measurements
made at the surface. A pair of electrodes imposes a current
flow in the ground, while another pair of electrodes mea-
sures the potential difference set up by this current. In an
electrically homogeneous and isotropic formation, current
flow and the associated voltage distribution can be calcu-
lated by considering first a single electrode at the surface
through which current flows into the ground. The other
electrode (at zero potential) is considered to be sufficiently
far away that it does not interfere with the current or the
voltage distribution. In this case, the current and voltage
distribution in the ground will be as shown in Fig. 10.1a.
Fig. 10.1b shows the complementary case in which the
current flow is reversed.

Fig. 10.1 Electrical current and potential in homogeneous ground
from a single electrode at the surface. The current flows radially
outwards from the electrode in (a), and surfaces of equal voltage
(equipotentials) are hemispheres of increasing radius and
separation as the voltage decreases. (b) The complementary case
of current being extracted via the electrode. In this case, current
flow is reversed and the voltages are all negative, but of the
same magnitude.
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Where there are two electrodes, which in practice are
needed to complete the circuit, the voltage and current at
each point are the sum of those in Fig. 10.1a and b. This
is shown in Fig. 10.2 (top). Close to each electrode, the dis-
tributions are very similar to those for the single electrode
case, but the distributions become increasingly distorted
from those as the distance from the electrodes increases.
This is because the current must pass from one electrode
to the other. Figure 10.2 shows the current and voltage dis-
tribution for an ideal case of an electrically homogeneous
and isotropic medium. Soils and geological materials are
usually neither. They exhibit layering, often contain inclu-
sions of markedly different electrical properties and have
conductivity gradients or sharp boundaries resulting from
water content or solute concentration changes. These
change the current flow paths and, with them, the voltage
distribution. ERI aims to interpret these differences of volt-
age from the ideal homogeneous and isotropic case, meas-
ured usually at the ground surface, to form an image of the
electrical conductivity distribution below the surface.
Using the Archie equation or the Waxman and Smits equa-
tion, or similar ones, the electrical conductivity distribu-
tion can be turned into an image of water content
distribution in two or three dimensions.

10.3 Measurement Methods

ERI is most commonly used to obtain an image of the sub-
surface by measurements made at the soil surface. It may
also be performed by measuring the resistivity between
electrodes placed inside boreholes, either within the same
borehole or between two or more different boreholes. It

may also be performed between electrodes placed on the
surface and ones inside a borehole.

In most cases, whatever the mode of measurement, four
electrodes are used at one time. This is shown schemati-
cally in Fig. 10.3. Two of the electrodes are used to inject
a current into the soil, while a different pair measures the
voltage. The advantage of using two of each is that it mini-
mises the effect of poor contact between the electrodes and
the ground. This can be seen in Fig. 10.4, which shows a
simplified one-dimensional arrangement. In this model,
the resistance between the two inner electrodes is R, while
there is an extra resistance of r between each electrode and
R. The current in the circuit is given by

I =
V0

R + r3 + r4
10 3 1

and the voltage, V, across the resistance, R, is

V = IR 10 3 2

Dividing V by I leads to the correct identification of the
resistance R. If the same electrodes had been used for both
the current and voltage measurements, then the voltage
measured would have been V0 and the resistance would
have been calculated as R + r3 + r4.

Note that by using separated current and voltage electro-
des, the array will return the same value of R whichever
pair of electrodes is used for the current and the voltage
and whether all the rs are the same or not.

In practice, the four-electrode array does not operate per-
fectly, since to measure the voltage, some current must be
drawn through the voltage electrodes and so there will be a

Fig. 10.2 Voltage and current paths in homogeneous ground for two electrodes (top) calculated from the sumof those for a single electrode,
as in Fig. 10.1. The bottom figure shows the voltage distribution at the surface.Horizontal distances, depth and voltage are in arbitrary units.
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small voltage drop across the contact resistances, repre-
sented by r. This can usually be made negligible by using
a meter with a sufficiently high input impedance. If this
is not the case, then a correction can usually be applied.

In the case of soil measurements, the current paths are
not as simple as in the idealised picture in Fig. 10.3, but,
nevertheless, the same principles apply.

The threemost common electrode arrangements are the
Wenner, Schlumberger and dipole–dipole arrays, illus-
trated in Fig. 10.5. The Wenner array is characterised by
equal spacings between electrodes, while the Schlumberger
one aims to measure the local gradient of voltage by having
a small spacing between the inner voltage-measuring
electrodes.

Electrical resistivity measurements are often analysed
bycalculating theapparent resistivityof the formation from
an observation. This is the resistivity of a homogeneous
medium that would produce the same voltage measure-
ment between a pair of electrodes for the same injected cur-
rent. By considering just a single electrode as in Fig. 10.1, the
current spreads out radially from the injection point and is
distributed equally across the surface of a hemisphere. At a
radial distance, r, the current density, J, is the total current,
I, divided by the surface area of the hemisphere, 2πr2, that is:

J =
I

2πr2
10 3 3

This is related to the voltage gradient by a form of
Ohm’s Law:

dV
dr

= ρJ 10 3 4

Fig. 10.3 Two possible arrays of electrodes for performing ERI measurements, one set measuring from the surface, whereas the other
between two boreholes. The four-electrode array with separate current and voltage electrodes minimises errors resulting from poor
contact between the electrodes and the ground. (See insert for colour representation of the figure.)

Fig. 10.4 Illustration of the elimination of contact resistance by a
four-electrode array. The resistorwhose value is to bemeasured has
a resistance of R and the contact resistances are represented as
resistors of value ri. R represents the soil between the two voltage
electrodes, r1 and r2 are contact resistances between the voltage
electrodes and the ground, and r3 and r4 are contact resistances
between the current electrodes and the ground as well as the
ground resistance between the current and voltage electrodes.
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where ρ is the resistivity of the medium.
Substituting for J into this equation and integrating and

setting V = 0 as r ∞ give

V =
Iρ
2πr

10 3 5

This is valid both at the surface and beneath the ground.
This solution is shown in Fig. 10.1 and, for two electrodes,
in Fig. 10.2.

The voltage distribution produced by a particular cur-
rent through any pair of electrodes in this medium can be
calculated and, therefore, the resistivity of the homogene-
ous medium producing any observed voltage can be calcu-
lated. This is the apparent resistivity of the medium.

As an illustration, consider a symmetrical array, such as
the Schlumberger orWenner, with a distance between each
current electrode and the nearer voltage one of a and
between the two voltage electrodes of b, as shown in
Fig. 10.5. The distance between the voltage and current
electrodes is a and a + b, respectively. These are the rele-
vant values of r for each voltage electrode, so that the volt-
age difference, ΔV, between them is

ΔV =
Iρ
2πa

−
Iρ

2π a +b
− −

Iρ
2πa

+
Iρ

2π a +b
10 3 6

giving

ΔV =
Iρb

πa a +b
10 3 7

Or

ρ =
πa a +b ΔV

bI
10 3 8

The factor πa a +b b is called the geometric factor.
It reduces to 2πa for the Wenner array (a = b). Geometric
factors for other arrays can be derived in a similar manner.
MultiplyingΔV/I by the appropriate geometric factor yields
the apparent resistivity of the formation.

10.4 Measurements in Practice

For measurement from the surface, it should be clear in
Fig. 10.3 that the further apart the electrodes are, the deeper
the penetration of the measurement. Some current will
always reach a great depth and this will be reflected in
the voltage across themeasurement electrodes, but its con-
tribution will be small compared with that from shallower
depths. In all cases, whether measurements are made from
the surface or between boreholes, the shortest current path
is likely to contribute the most to the measurement,
although layers or regions of greater conductivitymaymod-
ify this.

A simple application is in estimating the depth to a layer
of different resistivity from that close to the surface. If this
has a lower resistivity than the overlying material (perhaps
because it is below the water table and therefore saturated),
using a Wenner or Schlumberger array with progressively

Fig. 10.5 Common electrode arrangements for surface electrical resistivity surveys.
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increasing distance between the electrodes will show a
decreasing apparent resistivity of the formation as more
of the current flow takes place in the deeper, lower-
resistivity layer. This is known as vertical electrical
sounding. By moving the entire array horizontally, lateral
variations can be similarly detected. With computer-
controlled electrode switching and large arrays of
electrodes, much more sophisticated subsurface imaging
is possible by using inverse modelling techniques
(Section 17.13) to adjust a model of the subsurface environ-
ment to match the data acquired. Data acquisition does,

however, take some time, perhaps a few hours for a large
electrode array, making the method of limited use for tran-
sient events, such as following infiltration into the ground.
Considerable labour is also involved in emplacing the elec-
trodes, setting up the data acquisition system and, espe-
cially, connecting cables to all of them.

Although the measurements are described as dc, to
avoid polarisation effects at the current electrodes and
spurious effects from naturally occurring ground (telluric)
currents, self-potentials and streaming potentials, in prac-
tice the power source is usually a very low-frequency

Fig. 10.6 Example of a two-dimensional resistivity survey tracking irrigation from a hosepipe in one section of the area and the subsequent
redistribution (Loke, 2012 from data of Barker and Moore, 1998). Reproduced with permission of Dr. M H Loke. (See insert for colour
representation of the figure.)
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(<~20Hz) voltage. Nevertheless, electrical noise is often a
problem and this can be reduced by stacking readings.
Stacking is another name for averaging over several read-
ings taken in close succession. Measurement accuracy is
usually better if the voltage signal is relatively large. For
this reason, the potential applied to the current electrodes
is often several hundred volts, since the observed voltages
will be proportional to this. This introduces an obvious
safety hazard and requires careful management of proce-
dures to avoid connecting the equipment to the current
source while handling of the electrodes is taking place.
With modern equipment and computer-controlled elec-
trode switching, each measurement takes of the order of
15 s. Although this appears very short, the number of pos-
sible combinations is such that it may take several hours
to cycle through them all.

If the array consists of n electrodes, there are, in princi-
ple, n(n − 1) ways in which the voltage electrodes can be
configured. However, of these, most can be calculated by
difference from measurements between other pairs. For
instance, knowing the voltage between electrodes 1 and 2
and between electrodes 1 and 3, the voltage between elec-
trodes 2 and 3 is obtained by subtracting one from the other.
So keeping one voltage electrode fixed and measuring the
voltage between this one and each of the n − 1 other electro-
des in turn, the voltage of all of the other combinations can
be calculated. That leaves n − 2 electrodes for current injec-
tion. The same principle applies for the current electrodes
and therewill be n − 3 independentways inwhich these can
be connected for each of the n − 1 voltage combinations.
This gives (n − 1)(n − 3) independent possibilities. Inter-
changing the current electrodes for the voltage ones should
also make no difference – these are known as reciprocal
measurements (see Fig. 10.4). This halves the number of
independent possibilities again, leading to n−1 n−3 2
combinations. The inclusion of some reciprocal measure-
ments is often valuable as a check on data quality, however.
Some electrode combinations will give only a very small
measurement. For instance, if the current is injected
between two electrodes at one end of the array and the volt-
age measurement is taken between another pair at the
other end, then one would expect only a negligible voltage.

One strategy is to use one fixed electrode for the current
injection and another for voltage measurements, with all
combinations of the remaining electrodes being used for
the other current and voltage measurement point (Daily
et al., 2004). This reduces the number of combinations to
(n − 2)(n − 3).

Considerable effort has been expended on devising effi-
cient sampling strategies for electrical resistivity surveys
(see, for instance, Furman et al., 2002, 2003, 2004). These
aim to abstract the maximum information from a survey
under constraints, for instance, of the number of electrode
combinations that can be sampled. Much work has also
been put into computer software for interpreting the infor-
mation from a survey (usually termed inverting the mea-
surements, since the basic technique is to use inverse

methods to produce an image of the subsurface environ-
ment). The basic procedure is to start with an assumed elec-
trical conductivity distribution in the subsurface, which at
its simplest may be a homogeneous one, and then to adjust
the electrical conductivity of different areas of the model
until a good fit between the observations and the predicted
measurements is obtained, such as shown in Fig. 10.6.

Electrodes usedmaybemetallic or, often, graphite.Good
contact between the formation and the electrodes is impor-
tant. For surface-based measurements, this means driving
the electrodes into the ground a little way, say, 300mm
(e.g. Jayawickreme et al., 2008). If contact with the ground
is a problem, itmaybe enhanced bypouring a little salt solu-
tion around the electrodes. Contactmaybemore difficult to
ensure when the electrodes are on the side of a borehole.
Boreholecasingsareoften installed insideasomewhat larger
diameter hole and the space occupied by a backfill, which
maybemuchmoreor less conductive than its surroundings.
Using the ratio of measurements between different sam-
pling times can often reduce the distortions markedly or
eliminate them entirely (Daily et al., 2004).

10.5 Conclusion

The advantages of ERI are that it allows measurements to
be made of subsurface water content of a large area (up to
about 1 km in extent) and to considerable depth (several
tens of metres). It does, however, require that the electrical
conductivity of the soil solution be known and remain
effectively constant over time if repeated measurements
are needed. It is also a powerful way to track a pollutant
of contrasting electrical conductivity in both the saturated
and unsaturated zones (e.g. Slater et al., 1997).

There are a number of similarities between GPR and
ERI. Both methods are nonintrusive or at least minimally
intrusive and can be used to reconstruct an image of the
subsurface environment from either surfacemeasurements
or boreholes, and both use inversion techniques by adjust-
ing the parameters of an assumed model of the subsurface
to derive a ‘snapshot’ of the below-ground environment in
two or three dimensions. In addition, both methods have
application far beyond soil water monitoring. Archaeolog-
ical and forensic investigations have been a major benefici-
ary of GPR for some time, while ERI finds employment in
mineral prospecting, landfill, contaminated ground and
mineshaft investigations. ERI is generally able to penetrate
much deeper into the soil than GPR, except in very favour-
able conditions, but ERI is subject to considerable uncer-
tainty as a result of its dependence on a good knowledge
of the electrical resistivity of different strata.

A number of studies have used both methods in combi-
nation to benefit from these different characteristics, for
example, Garambois et al. (2002), Binley et al. (2002a, b),
and Day-Lewis et al. (2005).

Telford et al. (1990) gives a good general introduction
to ERI.
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11 Water Potential Measurement

11.1 Introduction

The basic concepts of water potential were introduced in
Section 2.1.1, where it was argued that the most appropri-
ate units for hydrological purposes were in terms of equiv-
alent head of water (i.e. m water).

In contrast to water content, the idea of some physical
reality to an average water potential over a region of space
is rather difficult to envisage. Nevertheless, any method to
make a measurement of water potential involves some
kind of averaging, either over a small volume around
the sensor or over a surface in contact with the soil.
A little thought leads to the conclusion that the presence
of a finite size sensor causes some disturbance to the poten-
tial and/or flow distribution. Clearly, the smaller the sen-
sor, the less this disturbance is likely to be. On the other
hand, larger sensors are less susceptible to local inhomo-
geneities and often react more quickly to changes
(Hendrickx et al., 1994).

All sensors must exchange a certain amount of water
with their surroundings, so that this quantity is an impor-
tant factor in determining the response time of the sensor.
The other major factor controlling the response time is the
ease with which water can pass between the interior of the
sensor and the bulk soil surrounding it. This involves the
hydraulic characteristics of the soil, the sensor materials,
the size and shape of the sensor and the degree of contact
between the soil and the sensor.

As a general rule, fast response is associatedwith sensors
that require a small amount of water exchange with the
soil; have high internal hydraulic conductivity, large sur-
face area and good contact with the soil; and are in soil with
high soil water diffusivity. This last characteristic is not
under the control of investigators.

11.2 Types of Sensor

Soil water potential sensors can be grouped in different
ways. One is according to whether they transfer water

via the liquid or vapour phase. Another is whether the
measurement is a direct one or relies on an intermediate
property, usually the water content of a block of some sub-
stance with known properties in contact with the soil.

11.2.1 Sensors communicating via the liquid phase

Mostwater potential sensors are in direct hydraulic contact
with the soil. Water is transferred between soil and sensor
until the water potential in each is the same.

The most common instrument of this type is the tensi-
ometer. A space inside the device contains a reservoir of
water, which is in pressure equilibrium with the matric
potential outside, and this pressure is measured directly.
This is the most accurate type of device, but is usually lim-
ited to potentials down to about −8.5m water (−0.85 bar).
Tensiometers are described in Chapter 12.

Various sensors essentially measure the water content
of a block of porous material whose matric potential is in
equilibrium with the soil in which it is embedded. These
differ according to the method by which the water con-
tent is measured. Such sensors are not limited to any par-
ticular range of water potential, but it is difficult to obtain
high accuracy, not only because of the large range over
which they are sensitive but also because of hysteresis
in the water content–water potential relationship of the
porous material. Indirect sensors are described in
Chapter 13.

11.2.2 Sensors communicating via the vapour phase

Vapour phase sensorsmeasure the vapour pressure of water
in the soil, which is a function of the thermodynamic
potential of the water and thus is principally affected by
matric and osmotic potentials. The most common type
of sensor is the soil psychrometer. Because the vapour pres-
sure of water varies very little from its saturated value at
modest water potentials, these sensors are most suitable
for use at low water potentials. Soil psychrometers are
described in Section 14.2.
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11.3 Sensitivity

All water potential measurement devices rely on the
exchange of a quantity of water between the soil and the
sensor. Clearly, the smaller the amount of water needed
to change the reading from one potential level to another,
the less disturbance will be caused to the soil water poten-
tial distribution and the faster the device will reach equilib-
riumwith its surroundings. A sensitive device, therefore, is
one which requires only a small quantity of water to be
exchanged for a given change of water potential.

We define the sensitivity, S, of a water potential sensor,
therefore, as the change in indicated water potential, Δψs,
divided by the quantity of water, ΔW, exchanged with its
surroundings to make that change in indicated potential:

S =
Δψs

ΔW
11 3 1

Or, as the change of water potential and water quantity
becomes very small,

S =
dψs

dW
11 3 2

The subscript s for the water potential indicates that it is
the sensor reading and not the soil water potential that is
referred to. This latter formulation accommodates those
cases where the amount of water needed to cause a given
change in the indicated potential varies across the potential
range. It is the reciprocal of the local slope of theW versusψs

curve. See Fig. 11.1, which shows a typical relation between
water contained in a sensor and the indicated potential for a
sensor that communicates via the liquid phase.

11.4 Response Time

The response time is calculated in a similar way to that of
the time constant of an electrical circuit (Section 8.3.2). If
the potential outside the device were to change suddenly
from a value of ψ to ψ +Δψ , then the time for the potential
indicated by the sensor to change by 1− 1 e Δψ would be
the response time of the sensor. If the resistance to
exchange of water between the sensor and the bulk soil
and the quantity of water required to make a given change
in the device’s reading were both constant, then the
response time would be the same throughout the range of
the instrument and the term time constant would be justi-
fied. However, we have already seen that the amount of
water transfer needed to produce a given change in indi-
cated potential (i.e. the reciprocal of the sensitivity) is often
not constant. As soil dries, its diffusivity usually falls very
significantly, making it harder for water to be exchanged
with the bulk soil. The two factors combine to increase
the response time very considerably as the soil dries.
Changes in soil water potential, however, are usuallymuch
slower when the soil is drying than when it is wetting,
when responses to rainfall or irrigation are rapid. So the sit-
uation is not as serious as it might at first appear. Neverthe-
less, indicated readings by some sensors can lag behind the
true value by several days and, in most cases, will lag
behind by increasing amounts of both time and potential
as the soil dries, only to recover very quickly once it
wets up.

The response timemay be calculated by considering the
time required for a small quantity of water, ΔW, to move
from the sensor into the bulk soil. The change in potential
indicated by this can be calculated from the definition of
sensitivity given above:

Δψs = SΔW 11 4 1

If we can characterise the restriction to flow between
the sensor and the bulk soil by a resistance, r, which we
will assume for the present to be constant, then the flow
of water between the device and the bulk soil can be
expressed as

dW
dt

=
ψ −ψ s

r
11 4 2

where ψ is the potential of the bulk soil.
From (11.4.1),

dW
dt

=
1
S
dψs

dt
11 4 3

Substituting this into (11.4.2),

dψs

dt
=
S
r
ψ −ψs 11 4 4

Fig. 11.1 Schematic ofwater contained in awater potential sensor
versus indicated water potential for a sensor that communicates
via the liquid phase.

162 CHAPTER 11

FOR REFERENCE PURPOSES ONLY



This is similar to the situation depicted in Fig. 8.3 for the
charging of a capacitor through a resistor. So, similar to
Equation 8.3.12, we expect the indicated potential to
approach the true value according to

ψs =ψs 0 + ψ −ψ s 0 1−e− S r t 11 4 5

If both S and r are constant, then this would imply a
time constant of r/S. Neither S nor r is usually constant,
but Equation 11.4.5 gives a flavour of the behaviour and
shows that the approach to indicating the true reading is
often quite slow. Since a proper time constant cannot be
defined, the term response time is used as a somewhat

looser definition of the characteristic time over which
equilibrium is achieved. In particular, the response time
is shorter if the sensitivity of the tensiometer is high
(i.e. if only a small amount of water needs to be exchanged
with the soil to change the indicated reading by a given
amount) and if the resistance to flow of water between
the sensor and the surrounding soil is low. This condition
will usually be true when the soil matric potential is high
(i.e. wet soil) and diffusivity is high. Factors in the design
of the sensor are also involved in r; for instance, the
conductance of a tensiometer cup or the diffusivity of
the material of a porous medium sensor (see Chapters
12 and 13).
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12 Tensiometers

12.1 Components of a Tensiometer

In essence, a tensiometer consists of a porous barrier, allow-
ingwater but not air to flow between its interior and the soil
outside; a chamber filledwithwater and ameans ofmeasur-
ing the pressure of that water, as shown diagrammatically
in Fig. 12.1.

In operation, water flows between the soil and the inte-
rior of the tensiometer until hydraulic equilibrium is
achieved between the water in the soil and that inside
the tensiometer. Measurement of the water pressure in
the chamber then yields the hydraulic potential of the soil
water. If air from the soil were allowed to enter the tensi-
ometer via the porous barrier, this would cause all the
water in the tensiometer to flow out of the chamber and
the internal pressure in the chamber would be that of the
air in the soil (usually the same as atmospheric pressure).

12.2 The Porous Barrier

The requirements for the porous barrier are:
• It should have sufficiently small pore size that the pores
remain water-saturated over the entire range of matric
potential that the tensiometer is required to operate.
• It should possess good hydraulic conductivity so that
water flow is not significantly restricted.
• It must be sufficiently robust that it remains intact under
the conditions of use. For field applications, installation
often imposes considerable mechanical stresses on the
porous barrier.

The most common material for porous barriers is
unglazed ceramic. This material is readily available; fairly
cheap, especially in quantity, and can be made in a wide
variety of different pore sizes, hydraulic conductivity,
shapes and sizes.

Some specialist suppliers, for instance Soil Moisture
Equipment Corp., produce a range of ceramic tensiometer
cups especially for the purpose. Specialist ceramics manu-
facturers can also supply porous ceramics tailored for

different requirements. Porous ceramic is used extensively
in filtration applications so that suitable material can often
be purchased from suppliers to industries using these pro-
cesses. An equivalent pore diameter of 1 μm is suitable
for matric potentials to below −10m water (−100 kPa
or −1 bar), which is comfortably beyond the range of the ten-
siometer. If matric potentials are unlikely to fall below
fairly modest values, then larger pore size material can
be used, with consequent benefits in higher hydraulic
conductivity.

The relation between pore diameter and air entry poten-
tial is given by Equation 2.1.2. Manufacturers often quote
pore diameters in terms like ‘90% of pores smaller than’
the specified value so that it is necessary to use a material
with a nominal pore size about a factor of two smaller than
implied by Equation 2.1.2. For instance, inserting −100 kPa
for P into Equation 2.1.2 yields a pore diameter of about
3 μm so that using a material with a nominal pore diameter
of 1 μm satisfies this requirement.

The air entry potential of a cup can be tested by firstly
saturating it slowly by wetting from one side only. Then,
with the empty cup immersed in water, increasing the air
pressure inside slowly and watching until bubbles appear.
The experimental setup is shown diagrammatically in
Fig. 12.2. Use of high air pressure is dangerous, so it is essen-
tial to test that all joints are secure and to use a safety screen
in case of an unexpected explosion caused by failure of the
ceramic or other parts.

Often, suitably shaped cupsmay be available in theman-
ufacturer’s range. If not, it will be necessary to pay for pro-
duction of a suitable mould. There is also normally a
moderately substantial charge for each order, with the price
of each item being very cheap. It makes sense, therefore, to
keep costs down by ordering as large a number of cups as are
likely to be needed in the foreseeable future.

Alternatives to ceramic include sintered glass, bronze
and plastics and semipermeable membranes. Sintered
materials usually exhibit high hydraulic conductivity but
are often restricted to a fairly small air entry potential.
Membranes, on the other hand, are easily damaged while

Soil Water Measurement: A Practical Handbook, First Edition. J. David Cooper.
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inserting the tensiometer into the soil and are, therefore,
best suited to laboratory conditions. For these reasons,
porous ceramic remains the best overall choice for gen-
eral-purpose tensiometer construction.

The size and shape of the porous barrier is determined
mainly by the needs to maximise the area of contact
with the soil, to encourage efficient transfer of water
between the tensiometer and the surrounding soil, to mini-
mise the length of the water path across the porous barrier,
to reduce resistance to flow, to have adequate strength
to minimise the risk of breakage during installation
and to be compatible with the other components of the
tensiometer.

For these reasons, tensiometer cups are usually shaped
as shown in Fig. 12.3a or b. The hemispherical end ensures
good strength and will often bed into loose material at the
bottom of the hole. The straight sides shown in Fig. 12.3b
increase contact area provided it fits tightly into the hole.

Many other shapes are possible but rarely used in prac-
tice. A slight conical shape, as shown in Fig. 12.3c, should
improve contact but requires a special tool to produce the
correct shaped hole. A solid rod of porous ceramic may also
be used instead of a hollow ‘cup’ as shown in Fig. 12.3d.
This latter arrangement is suitable only where the soil is
poorly conductive or where a slow response time can be
tolerated.

12.3 The Body Tube

The tensiometer body is a support for the cup, a water res-
ervoir and a means of transmitting, via the water column,
the pressure inside the cup to the pressure sensor.

It often also provides a seal against the soil, preventing
rain or irrigationwater from bypassing the soil and reaching
the cup. Inmost tensiometers, the body has the same diam-
eter as the cup so that the two form a smooth cylindrical
object. However, there is no reason why this has to be so,
and tensiometers with body tubes both smaller and larger

Fig. 12.1 Components of a tensiometer.

Fig. 12.2 Testing the air entry pressure of a tensiometer cup by
applying air pressure to the inside. The point at which small air
bubbles just start to appear on the surface of the cup is the air entry
value. Note that a shield around the apparatus is essential to avoid
injury from explosion of the apparatus resulting from failure of one
component or a joint.

Fig. 12.3 Some common shapes of tensiometer cups.
(a) Hemispherical; (b) straight-sided; (c) tapered; and (d) solid.
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than the cup diameter can be used, although installation
may not be quite so straightforward.

12.4 The Air Trap

At the top of the body tube, there is usually an air trap. This
collects air bubbles, which formwithin the cup and the body
of the tensiometer. These can then be expelled easily and
replaced bywater. The air trap is usuallymade of transparent
plastic, oftenacrylic, so that it is easy toseehowmuchair has
collected and whether the tensiometer needs to be purged.
The air trap is either bonded to the body tube or, often, forms
part of it, so that the body tube is made from a single piece
of transparent acrylic plastic, PVC or polycarbonate.

The air trap is also used for refilling the tensiometerwith
water. This is done through a removable cap, usually a neo-
prene bung, although other arrangements, for instance a
screw cap with rubber sealing washer, can be used. It is also
the route for connecting the pressure sensor, which may be
through the cap or via a sidearm, similar to the one depicted
in Fig. 12.1.

12.5 The Pressure Sensor

To measure water potential at the position of the cup, the
water pressure in the body tubemust bemeasured. This can
be done in a variety of ways. In practical terms, three types
of pressure sensor are in common use –manometers, bour-
don gauges and pressure transducers.

12.5.1 The manometer

Amanometermeasures pressure by balancing theweight of
a column of liquid against the pressure in much the same
way as in a barometer. In principle, many liquids could
be used, but in practice, virtually all tensiometers usewater
or mercury.

Water manometers
A water manometer is attractive, since it is the same fluid
as in the tensiometer body and is also very readily available.
The principal disadvantage is that the water level in the
manometer must be below the cup position if the soil is
unsaturated and therefore the internal pressure inside the
tensiometer is below atmospheric pressure. This is illus-
trated in Fig. 12.4. Even if the soil is saturated, inwhich case
the tensiometer will act as a piezometer, the water level is
likely to be above the soil surface only under very excep-
tional circumstances.

A further feature of the water manometer is that the
reading is very sensitive to changes in water potential.
Where very accurate measurements are required, this is
clearly a very good thing. However, over the full range that
the tensiometer is able to record, about 8.5m water head,
this is also the range of water levels in the manometer!

In practical terms, this means that a water manometer
can be used only where the range of water potential
expected is relatively small, say 1m.

In cold weather, freezing of the water in the manometer
not onlymakes it unusable butmay lead to serious damage,
depending on the materials used.

Water manometers, therefore, have only very limited
application but can be useful where suitable access is pos-
sible, such as on the side of a ditch or pit or a laboratory col-
umn, andwherewater potential is expected to remain close
to zero.

Mercury manometers
For most practical purposes, mercury is the almost univer-
sal choice as the indicating fluid. It is verymuch denser than
water (13.6 times), which allows themanometer to be above
ground. It also allows the complete range of water potential
to be accommodated on a physical scale of about 0.75m,
which is convenient for most operators. A schematic dia-
gram of a mercury manometer is shown in Fig. 12.5.

To simplify understanding the operation of the mercury
manometer, it will be assumed that the water potential in
the soil is in equilibrium with that inside the tensiometer
cup and that the local air pressure in the soil is the same as
that in the atmosphere, A. The water pressure inside the
cup isA + ψm, which in unsaturated soil is less than atmos-
pheric pressure, since ψm is negative. The pressure in the
water at the interface with themercury column is therefore
A + ψm − z − d − h − s, where z is the depth of the cup below

Fig. 12.4 A water manometer tensiometer used with
a tensiometer.
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ground level, d is the height of the top surface of the mer-
cury in the reservoir above ground, h is the height of the
mercury column above the scale zero mark and s is the dis-
tance of the scale zero above the mercury in the reservoir.
The total height ofmercury in themanometer above that in
the reservoir is h + s.

Looking now at the pressure inside the mercury, that
at the interface with the water is A− ρHg=ρw

� �
h + sð Þ,

where ρHg is the density of mercury and ρw is the density
of water. The pressure in the water and that in the mercury
are not quite equal, as there is a small interfacial pressure
between them, dependent on the surface tension between
the two fluids, the diameter of the manometer tube and
the contact angle. There is also a very small interfacial pres-
sure difference at the mercury surface in the reservoir.
We will designate the combined effect of these two as δ.
So equating the pressures across the mercury – water
interface:

A +ψm−z−d−h−s + δ=A−
ρHg

ρw
h+ sð Þ: ð12:5:1Þ

The height of the mercury column is therefore

h=
z +d−δ−ψm

ρHg=ρw
� �

−1
� � −s: ð12:5:2Þ

Ignoring δand s for amoment,wesee thathwill alwaysbe
positive, since we expect ψm to be negative. Indeed, even if
ψm is positive (i.e. positive water pressure), then hwill still
be positive provided that ψm < z + d. That is, provided the
water table is below the level of mercury in the reservoir.

δ and s are usually very small and so make very little dif-
ference to this argument.

In terms of total hydraulic potential, ψh = ψm − z, and so
from Equation 12.5.2:

h=
d−δ−ψh

ρHg=ρw
� �

−1
� � −s: ð12:5:3Þ

12.5.2 Bourdon gauge tensiometers

The usual arrangement for a tensiometer using a Bourdon
gauge to measure the pressure is shown in Fig. 12.1. The
inclined sidearm ensures that air bubbles are not trapped
in it. As pressure inside the tensiometer falls, the air inside
the Bourdon gauge expands and forms bubbles, which rise
into the air trap. Bourdon gauges are usually fitted with a
screw connector, which can be fitted to the tensiometer
and sealed with an ‘O’-ring, or by sealing the thread with
plumbers’ PTFE tape. The air trap usually has a screw-on
cap sealed by a rubber washer.

Bourdon gauge tensiometers are usually bought as com-
plete units but can be constructed easily in much the same
way as a mercury manometer tensiometer.

Bourdon gauges are inherently less accurate than mer-
cury manometers, partly because the scale is relatively
small to cover the whole range from 0 to −10m water,
partly because of mechanical linkages in the mechanism
and partly because the Bourdon tube is likely to creep over
time causing the zero point to move. This latter can be cor-
rected by testing the gauge periodically and either the read-
ings adjusted to suit or by a zero-point adjustment built into
the gauge.

Fig. 12.5 Tensiometer with a mercury manometer.
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Figure12.6 showsa schematicdiagramof theworkingsof
a Bourdon gauge. Changes in the pressure inside the Bour-
don tube – a sealed, flattened tube bent into a curve – cause
it to change shape, either to straighten (increase in pressure)
or curl more (decrease in pressure). The small movement of
the tip of the tube is amplified by levers and gears, which
convert it to a rotation of a needle on a scale.

Bourdon gauges are easily damaged by frost, when water
inside the Bourdon tube freezes and expands, distorting the
tube. These tensiometers are also quite sensitive to solar
radiation and temperature changes (see Section 12.5.4)
and so radiation shielding is recommended.

12.5.3 Pressure transducer tensiometers

Electrical pressure transducers have been available for sev-
eral decades, and cheap transducers of sufficiently good
quality to match the accuracy of mercury manometers
are easily available. Comparedwith these, transducers need
less maintenance and setup is simpler. They can also be
read using a simple handheld reader with a digital output,
which reduces errors. Perhaps the greatest advantage over
other pressure sensors is that they can be connected to a
field data logger and readings recorded automatically at fre-
quent intervals over periods of a few weeks unattended. In
conjunction with dielectric soil water sensors (Chapter 8),
this provides a powerful capability to record variations of
both water content and potential at several depths almost
continuously. The addition of a tipping bucket or other
form of recording raingauge allows infiltration events to
be followed in considerable detail.

Automatic recording of environmental data poses dan-
gers of misinterpretation through events that are not

recorded nor suspected. These include human interven-
tion, disturbance by animals, rock and tree falls, landslides
and other natural processes. Tensiometer data is more
prone to this than many other types of data because of
incorrect readings caused by air collecting in the tensi-
ometer. This can result in errors both from the lack of a con-
tinuous water column between the tensiometer cup and
the sensor and because the tensiometer readings lag signif-
icantly behind the actual changes in the surrounding soil.

As in any other field of environmental investigation,
there is no substitute for frequent visits to field sites, partic-
ularly during events of interest. The ability to record data
automatically is a powerful addition to frequent personal
visits, not a substitute for them.

The principles of operation of pressure transducers and
some of their operating requirements are outlined in an
appendix to this chapter (Appendix 12.A).

12.5.4 Tensiometers with fixed pressure transducers

A fixed pressure transducer may be attached in the same
way as a Bourdon gauge as shown in Fig. 12.1.With compat-
ible fittings on each, the transducermay be a direct replace-
ment for the Bourdon gauge. Alternatively, it can be
mounted on top of the tensiometer as shown in Fig. 12.7.
In this configuration, the tensiometer may be refilled
through a filling hole next to the transducer if there is room.
Otherwise, the transducer must be removed each time to
refill the tensiometer. With the transducer above ground,
the system may be very sensitive to air temperature
changes and especially to heating by solar radiation. This
is particularly true if the tensiometer is completely full of
water and so has very high sensitivity. A small volume
change of the water in the tensiometer caused by a temper-
ature variation can then cause a large change in the internal
pressure as a result of the small compressibility of the var-
ious components. The actual size of the pressure response
will depend not only on the sensitivity of the system but
also on the rate at which the temperature changes and
the resistance to water exchange between the tensiometer
and the surrounding soil.

To reduce the sensitivity to these effects, the tensi-
ometer should be shielded from direct sunlight and insu-
lated. Aluminium-coated melamine film is an efficient
and cheap solar radiation shielding material. It is, how-
ever, very important to mount the film with the alumi-
nium side on the inside. Aluminium is an efficient
reflector at most wavelengths, but melamine is transpar-
ent only in the optical range. At infrared wavelengths, it
is no longer transparent and so radiates heat. If the mela-
mine is on the inside, this heat is radiated into the object
that it is designed to protect. In some situations, it can get
hotter than if there were no shielding. Beneath the solar
shield, foam insulation should be used to reduce tempera-
ture changes at the tensiometer body further. In some
situations, several centimetres of insulation may be
necessary. The bulk of the insulation required may create

Fig. 12.6 Bourdon gauge operating mechanism.
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its own problems in shielding the soil beneath from rain
and sunlight. As a result, tensiometers with above-ground
pressure transducers are not generally recommended.

While there may be some added complication to siting a
pressure transducer close to the tensiometer cup, there are
several advantages:
• All, or almost all, of the water-filled parts of the tensi-
ometer are not subject to direct sunlight.
• Temperature changes in the soil are considerably less
than those of the air.
• There is no long water column between the tensiometer
cup and the pressure sensor.

The first two factors make the tensiometer almost com-
pletely immune from temperature effects, while the last
one means that the range of matric potential that can be
measured is extended by the length of a water column
between the ground surface and the tensiometer cup. Put
another way, the tensiometer with a transducer mounted

close to the cup measures matric potential, while one with
a transducer above the ground surface measures hydraulic
potential. Small, economic transducers, some in plastic
housings, are available from several manufacturers. An
example of the reduction in sensitivity to air temperature
changes and exposure to sunlight is shown in Fig. 12.8.
The ‘conventional’ tensiometer was well insulated but still
showed marked fluctuations in reading as air temperature
changed.

The simplest design for a tensiometer with a pressure
transducermounted close to the cup is shown in Fig. 12.9a.
In this design, the only connection to the ground surface is
an electrical cable to supply power to the transducer and
carry the signal back up. The principal difficulty with this
design is that itmust be removed from the soil to refill with
water and remove any air which has collected. Not only
is this inconvenient but repeated removal and insertion
of the tensiometer will reduce contact between the cup
and the soil over time, slowing the tensiometer response
and in some cases, leading to seriously inaccurate readings.
Removal from the soil may not be necessary in situations
where matric potential is always fairly high (above
about −5mwater), but at lower potentials, experience sug-
gests that air collects in the tensiometer frequently, redu-
cing the sensitivity of the instrument markedly. A small
error also occurs when there is an air gap above the water
because the water column is not continuous from the
transducer.

UMS GmbH produces an ingenious design of tensi-
ometer, which has a small pressure transducer mounted
just above the cup with sufficient room around it to accom-
modate two fine stainless steel hypodermic tubes. One of
these penetrates well inside the porous cup. The other
one terminates at the topmost part of the tensiometer
chamber so that any air collecting is removed when water
is flushed through the instrument. The two tubes are sealed
simply by joining them together at the top by means of a
short length of flexible plastic ‘Tygon’ tube as shown in
Figs. 12.9b and 12.10. If the tensiometer is long enough
and the matric potential is low enough, the pressure in
the top part of the tubes will fall to the saturation vapour
pressure of water causing cavitation. The top part of the
tubes will be effectively empty, and the volume of water
involved will have to pass through the porous cup. The
use of very small diameter (~0.5mm) tubes minimises this,
but the response timemust, nevertheless, increase once the
tubes start to empty.

Hubbell and Sisson (1998) designed an ‘advanced tensi-
ometer’, which could also be refilled in situ (Fig. 12.9c).
A plastic ‘gasket throat’, bonded to the neck of the porous
cup and bevelled on the inside at the top, mates with a rub-
ber gasket fixed to the bottom end of the transducer via a
connector. The weight of the transducer and the suction
inside the tensiometer cup ensures a good seal. When refill-
ing is required, the transducer and gasket can be lifted out of
the gasket throat, allowing water held in the outer tube to
displace the air.

Fig. 12.7 Pressure transducer mounted on top of tensiometer.
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A further design, introduced also by UMS, contains a
small pump in the support tube above the tensiometer
cup. An infrared sensor detects air inside the upper part
of the ceramic cup and turns on the pump to remove the
air and suckwater in through the cup to replenish thewater
reservoir. UMS claims that after a dry period when the ten-
siometer may be in soil too dry for it to operate, it can fill
itself again and begin operation when the soil once again
becomes wet enough.

Flush diaphragm or pressure port?
Most pressure transducers are supplied with a pressure port
to connect to the system whose pressure is to be measured.
Some are availablewith a flush diaphragm – often by special
order and at extra cost – where the diaphragm forms the
end of the transducer as shown in Fig. 12.11. This makes
it quite easy to flush all of the air out of the tensiometer.
The diaphragm is relatively delicate, though, so extra care
is needed in handling and storing the transducer.

A pressure port type is less of a problem than it may
appear at first sight. To understand this, we need to con-
sider the relative volume inside the tensiometer and inside
the pressure port. Assume that the volume of water held in
the tensiometer is V and that in the pressure port is ν. Also
assume that the tensiometer, apart from the volume of the
pressure port, is full of water when the system is at atmos-
pheric pressure, A, and the pressure port is full of air at the

same pressure. For this purpose, we can ignore any vertical
pressure gradient inside the tensiometer.

At an indicated matric potential of ψs, the internal pres-
sure inside the tensiometer is A + ψs (this is less than A
since ψs is negative under unsaturated conditions). Accord-
ing to Boyle’s Law, the air originally in the pressure port
will expand to a volume νψ given by

Av = A+ψ sð Þνψ : ð12:5:4Þ

The limiting value of matric potential that the tensi-
ometer can indicate occurs when the air expands to fill
the entire volume of the tensiometer, that is, when vψ
becomes equal to V + ν:

Substituting this into Equation 12.5.4, the air bubble
fills the tensiometer cavity when

vψ =V + ν =
Av

A +ψs
; ð12:5:5Þ

or

ψs = −
AV
V + ν

: ð12:5:6Þ

Typically, the pressure port has a diameter of 6mm
and a depth of 10mm, so the volume, ν, is around 0.3mL.
A typical internal diameter of a tensiometer cup is about
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Fig. 12.8 Example of the reduction in sensitivity to air temperature and exposure to sunlight by a tensiometer with a pressure
transducer below ground level compared with one with a transducer above ground. From Hubbell and Sisson (1998). Reproduced
with permission of Lippincott Williams and Wilkins/Wolters Kluwer Health.
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15mm and a length of about 40mm, giving a volume of 7
mL. Even without any extra volume in a body tube, which
is difficult to avoid, using this value forV in Equation 12.5.6
gives theminimumpotential that the tensiometer can indi-
cate of −9.6mwater for an atmospheric pressure,A, of 10m
water. So the pressure port reduces the theoretically avail-
able range of the tensiometer by only 4%. The additional
air will, however, increase the response time of the tensi-
ometer and reduce its sensitivity (Section 12.8.1). Never-
theless, these values are likely still to be favourable
compared with those of a mercury manometer.

Tensiometers for use at depths of many metres using
fixed pressure transducers are described in Section 12.12.

12.5.5 Puncture tensiometers

Puncture tensiometers are very simple tensiometers con-
sisting of only a porous cup, body tube and air trap sealed
by a septum. A portable device records manual readings

of the internal pressure by penetrating the septum with a
hypodermic needle attached to a pressure transducer and
readout unit. A device was first introduced by Marthaler
et al. (1983), and instruments using this principle have
since become very popular owing to their economy, ease
of construction and low maintenance requirements.

The essentials of the system are shown in Fig. 12.12.

Septa
The only component part of the tensiometer itself, different
from other types of tensiometer, is a septum. These are
used commonly in medical and gas chromatography appli-
cations as a means of sealing a vessel while allowing the
insertion of a hypodermic needle, either to withdraw a liq-
uid, for example, a vaccine, or to inject a test sample. Septa
are available in many different forms. Some are similar to
that in Fig. 12.12 consisting of a hollow elastomer cylinder,
often ribbed, and closed at the top. The top often has a
flange to aid removal. Some manufacturers recommend

Fig. 12.9 Three designs of tensiometer with the pressure transducer mounted close to the porous cup below ground level. (a) A simple
design that must be removed and disassembled to refill. (b) A design devised by UMS GmbH, which can be purged and refilled in situ
using two hypodermic tubes. (c) A design incorporating the principles of the ‘advanced tensiometer’ (Hubbell & Sisson, 1998). The
transducer and gasket can be lifted out of the gasket throat by the inner support tube, allowing water in the outer support tube to refill the
tensiometer. (See insert for colour representation of the figure.)
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filling the hollow part of the cylinder with silicone rubber
to prolong the life of the septum and reduce the likelihood
of leaks during needle insertion. Another septum type is a
small disc, which is clamped on top of the air trap by a
screwed ring. These may be a simple rubber disc or consist
of a stiff elastomer sandwiched between softer layers to seal
to the top of the air trap. The choice depends also on the
needle used in the reader unit, as the combination of the
two is critical to preventing air leakage into the tensi-
ometer when the needle is inserted.

As with other tensiometers, the upper part of the body
tube or air trap should be of transparent material so that
the amount of air in the top of the tensiometer can be ascer-
tained.This isparticularlycritical forpuncturetensiometers,
astheyneedasmall amountofair inthetopof theair trap,but

Fig. 12.10 UMS T4e tensiometer showing the filling tubes
connected by a flexible plastic tube at the top.

Fig. 12.11 Pressure transducers. The one on the left has a pressure
port, while the other two are flush diaphragm transducers. The
one on the right has a protective cap over the diaphragm for
water level monitoring applications.

Fig. 12.12 Components of a puncture tensiometer and readerunit.
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the position of the internal air–water interface must also be
known (see Section 12.9.3).

Reader units
The reader unit can be used with a large number of tensi-
ometers and consists of two main parts – the head unit
and a display unit.The head unit is placed on top of the ten-
siometer and the hypodermic needle penetrates the sep-
tum, allowing a pressure transducer to sample the
pressure inside the tensiometer. Most units incorporate a
shroud to guide the head unit onto the top of the tensi-
ometer, protect the hypodermic needle and provide some
protection for operators from accidentally penetrating
themselves with the needle. The shroud should, therefore,
be longer than the needle. The inner diameter of the shroud
should be only slightly larger than thewidest part of the top
of the tensiometer to prevent the head unit from tipping
while making a measurement. Some head units have a disc
with a small hole for the needle to pass through, attached to
a light spring, as shown in Fig. 12.12. This protects the nee-
dle from being bent andmakes inserting the needle through
the septum smoother. Some head units have an off-centre
needle so that the needle can puncture a fresh piece of
the septum each time, increasing the septum’s life. One
design incorporates a small syringe with a locking ring into
the head unit so that as much of the space inside the needle
and its connection to the pressure transducer can be filled
with water, thereby reducing the compressibility of this
part of the system markedly (Frede et al., 1984).

Successful operation of puncture tensiometers depends
critically on matching the characteristics of the needle
and septum. With some combinations, the needle tends
to remove a small core of septum material, which blocks
the needle and can cause the septum to leak. To combat
this, some manufacturers use needles with a side hole,
although it is usually possible to find a suitable conven-
tional needle to suit a particular septum. The other main
pitfall is leakage of air into the tensiometer, either during
insertion of the needle or while a reading is taking place.
This latter is more likely if the head unit is not well stabi-
lised by the shroud during a reading.

To improve the stability of the head unit during a read-
ing, it should be sufficiently heavy to overcome the force of
the spring and to sit securely and stably on top of the ten-
siometer without the need to hold it.

In view of the uncertainties surrounding manual read-
ings of tensiometers, high accuracy is unlikely to be
achieved. The pressure transducer should, however, be well
protected from damp and be selected to have a low temper-
ature coefficient (<0.025% �C−1) since it is likely to be used
over a wide temperature range.

The display unit is usually separate from the head unit,
although somemanufacturers combine the two, which can
make reading the output difficult. Itmay consist simply of a
portable digital voltmeter and a stabilised battery power
supply. Commercial units usually have an internal calibra-
tion to convert the voltage output from the pressure

transducer to water potential units (either water head or
hectopascals) andmay have amemory to keep the readings.
A push-button switch will ensure that the unit is switched
on only when a reading is required and so conserve battery
life. If the cable connecting the head and display unit is too
stiff, small movements of the handheld display unit can be
transmitted to the head unit, disturbing the measurements
and possibly causing air leakage around the needle.

12.6 Construction of Tensiometers

Figure 12.1 shows the components of a tensiometer. Several
manufacturers produce these instruments, but they are not
difficult to make using simple tools and readily available
materials.

12.6.1 Bonding the porous cup to the body tube

The body tube must be wide enough to allow air bubbles
forming near the bottom to rise and collect in the air trap.
An inner diameter of about 10mm or more is suitable. To
avoid misalignment of the cup and tube, the end of the body
tube must be cut square. Porous cups vary a little in size
from one to another as a result of the firing process. The tub-
ing for the body tubemay, therefore, need to be reamed out a
little to accommodate the neck. Similarly, it is good practice
to shape the end of the body tube to fit the profile of the cup
shoulder. These twoprocesses can be performed on a lathe or
by use of a handheld reamer and a countersink. The inside of
the body tube should be roughened with emery paper before
bonding the cup to it to provide a key for the adhesive.

The porous cup should be bonded to the body tube using
epoxy cement. Awide variety of epoxy adhesives is available
and not all are suitable for tensiometers. Most types absorb
some water, which causes them to swell a little. This is not
a problem with a construction as shown in Fig. 12.3, where
the porous cup has a neck that fits inside the body tube. The
ceramic is strong enough to withstand the swelling pressure
in this configuration as it is under compression. If the end of
the body tube is inside the porous cup neck, however, the
swelling pressure usually cracks the brittle ceramic. Special
epoxy adhesives are available, which do not swell, but the
configuration shown is recommended. Some epoxies absorb
somuchwater that they become extremelyweak and form a
gel-like substance. The problemmay not be discovered until
the tensiometer is removed from the soil when the adhesive
seal fails and leaves the cup in the ground. It is wise, there-
fore, to test the epoxy by soaking a joint for a few days and
making sure that the strength is still adequate.

When bonding the cup to the body tube, it is important
that there is no air path through the joint. This is best
accomplished by coating the neck and shoulder of the
cup liberally with adhesive and then inserting it into the
body tube with a twisting motion. Excess adhesive should
be wiped off carefully so that themain part of the cup is free
of adhesive. The small gap between the shoulder of the cup
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and the bottom of the body tube should be inspected to
ensure that it is filled completely with adhesive. Before
using the tensiometer, the epoxymust be fully cured. Some
types of epoxy are usablewithin an hour, which is useful for
repairs in the field, while others need 24 hours ormore. The
tensiometer should be kept in a vertical position during
curing of the adhesive, either standing on the cup in a clean,
dry place, or upside down, so that gravity keeps the joint
from coming apart and the cup is aligned with the tube.

12.6.2 Fixing the air trap

The air trapmay be a separate piece, as shown in Fig. 12.13,
or integral with the body tube, as in Fig. 12.1. The former
arrangement has the advantage that cheap and readily avail-
able material such as PVC or ABS water pipe can be used.
However, it requires a separate transparent air trap (usually
acrylic) with attendant potential problems of joints and
extrawork in construction. To avoid cracking of the air trap
over time, it should have awall thickness of at least 2.5mm.
If a neoprene bung is used to seal it, as in Fig. 12.13, the air
trap should be bevelled internally at the top to avoid damag-
ing the rubber. The air trapmay be fixed to the body tube by
epoxyadhesive.Similar remarksapplyto thechoiceofepoxy
adhesive as for fixing the porous cup to the body tube. Both
the outside of the body tube and the inside of the air trap
must be roughened before assembly and adhesive applied
to the upper 15mm of the body tube. This ensures that
excess adhesive is not carried into the air trap. The adhesive
that is pushed down can be used to form a fillet around the
bottom of the air trap, ensuring a complete seal. A small
‘O’-ring or elastic band can be placed on the body tube about
15mm from the top to support the air trap during curing.
This shouldbeencasedcompletely in the fillet at thebottom
of the air trap. A photo of a tensiometer constructed in this
way is shown in Fig. 12.14.

Ifmachiningfacilitiesexist, theairtrapmaybefixedbytwo
‘O’-rings as shown in Fig. 12.13. Grooves are machined into
the top of the body tube about 10mm apart to accommodate
the ‘O’-rings.Asmallbevelontheinsidebottomedgeof theair
trapensures that it doesnotcut the ‘O’-ring,which is smeared
with a very thin coating of silicone grease before assembly.
Provided that the air trap is a tight fit over the ‘O’-rings, the
whole assembly is extremely rigid after a few days.

12.6.3 Mercury manometers

Figure 12.13 shows the components of a practical mercury
manometer tensiometer. Tensiometers are usually
installed in ‘banks’ or ‘nests’ of several instruments close
together most often at different depths to measure the
hydraulic potential profile. Several manometers are, there-
fore, normally mounted together on one manometer board.

The cap and connecting tube
In the design shown in Fig. 12.13, the cap to the air trap is
a neoprene bung, through which the connecting tube

enters the tensiometer, although in some designs, this
is routed via a sidearm as shown in Fig. 12.1. An extra hole
in the neoprene bung allows a syringe nozzle to be
inserted to flush water through the connecting and
manometer tubes (see Section 12.7.3). Neoprene is the
preferred material for the bung as natural rubber cracks
after some time under field conditions. Drilling holes in
bungs is a laborious process butmany laboratory suppliers
supply bungs pre-bored with two holes, although they are
normally available only with the two holes of the same
size. A 2.5-mm hole is suitable for making a tight seal
to a 3-mm outer diameter connecting tube and is also suit-
able to accommodate the Luer fitting on a standard hypo-
dermic syringe for flushing the connecting tube. It can be

Fig. 12.13 A mercury manometer tensiometer. (See insert for
colour representation of the figure.)
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sealed with a small piece of plastic rod or another small
rubber bung.

The connecting tube to the manometer should be of
semi-rigid plastic of a low permeability to air. Three milli-
metre outer diameter nylon 66 is suitable for this.

The mercury trap
Prolonged dry periods often cause the mercury column to
break up, with short lengths of air or water between lengths
of mercury. In some cases, the total column extends suffi-
ciently that some mercury can reach the end of the con-
necting tube and fall into the porous cup. A trap for this
mercury can be made easily from a small glass or plastic
specimen bottle as shown in Fig. 12.13. A hole drilled in
the top of the specimen tube cap takes the end of the con-
necting tube, while another hole allows water and air to be
flushed out. A short piece of flexible plastic tube that is a
tight fit onto the connecting tube or a small ‘O’-ring is
enough to retain the air trap on the connecting tube.

Manometer board support
The manometer board is usually most conveniently fixed
onto a round metal pole or tube, although a bar of another
shape or a wooden post can be used. Over time, a wooden
postmay rot, leaving the installation insecure, so this choice
should be made with caution. A round post, to which the
manometer board is fixed by ‘U’-bolts, allows easy adjust-
ment of the height of the board after installation, which is
useful for adjusting the zero potential point on the scale.

The manometer tube, manometer board and
measuring scale
The manometer tube may be made from glass capillary
tube, which is durable and requires only a small volume dis-
placement to change the mercury level. It can be joined to
the connecting tube with silicone rubber tube. This should,
however, not be lubricated with silicone grease, which
degrades the rubber. Alternatively, the connecting tube
andmanometer tubemay be one continuous piece of nylon
66 tube as shown in Fig. 12.13. This material is reasonably
transparent and of low gas permeability. An outer diameter
of 3mm and an inner one of about 1mm is suitable,
although some workers prefer narrower tube.

The manometer tubes are mounted on a stable vertical
board (e.g. 6mm varnished or painted exterior grade ply-
wood or rigid PVC sheet) with a scale attached. Suitable

scales can be made from the inside of a flexible steel rule,
a laboratory ruler or printed on paper. If the last named
are used, precautions to protect them from the weather
are necessary. The use of waterproof glue to fix them onto
the manometer board and a self-adhesive transparent
waterproof film to cover the scale is recommended.

The mercury reservoir
The mercury reservoir is, at its simplest, a shallow dish,
which can be fixed on the bottom of the manometer board
so that each manometer tube dips into it. Three modifica-
tions to this simple design are advised (Fig. 12.15):
• A lid to the reservoir. This prevents splashing of mercury
out of the reservoir during purging operations. Mercury is
an environmental pollutant and all reasonable steps to pre-
vent its spilling onto the ground must be taken. The most
vigorous splashing occurs when air bubbles through the
mercury and there is no water overlying the mercury sur-
face. This occurs, for instance, when setting up a new
installation. Water bubbling through themercury produces
less splash and the viscosity of water overlying it slows
the small splash droplets of mercury quite effectively.

Fig. 12.14 Tensiometer with separate air
trap bonded to the body tube with epoxy.

Fig. 12.15 An adjustable mercury reservoir with separate wells
for each manometer tube.
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The lid should fit tightly and have holes drilled in it to
accommodate the manometer tubes, which should, again,
be a tight fit. Spare holes can be sealed with a small rubber
or plastic stopper. There must be one vent hole to ensure
that the mercury surface is at atmospheric pressure and
to allow water from purging the tensiometers to escape.
This should be positioned as far away from the manometer
tubes as practical to reduce the possibility of mercury
splashing through this.
• Separate wells for the manometer tubes. This keeps each
manometer tube separated from its neighbours so that
whenwater is injected through one tube, water is not forced
into an adjacent one. This is particularly a problem when
using flexible nylon tubes. The use ofwells also economises
on mercury to fill the reservoir. However, there must be
enough mercury to ensure that its upper surface is always
above the level of the top of the wells.
• Adjustment slots to mount the reservoir. This aids set-
ting up the tensiometers and provides some zero adjust-
ment (see Section 12.7.3).

Radiation shielding
The transparent plastic components are susceptible to deg-
radation by ultraviolet radiation in sunlight. This usually

causes them to become opaque after a fewmonths, depend-
ing on the amount of sunlight experienced. Nylon tube
becomes brittle and may disintegrate after a few weeks in
strong sunlight. In addition, solar heating expands fluids,
depressing the reading.

To protect from this, all the above-ground parts should
be shielded from sunlight. A successful method is as
follows:

The body and air trap of the tensiometer should
protrude above the ground surface as little as possible – about
100mm is the practical minimum. These parts should be
protected by a capped, metal or plastic tube coloured white
to reflect sunlight. A layer of insulation glued inside the
tube further reduces thermal disturbance (see Fig. 12.16).

The connecting tube can be encased in opaque silicone
rubber tubing with an internal diameter of about 4mm
and wall thickness of about 3mm.

A white-painted wooden box with a lockable door at the
front over the manometer board will protect the complete
manometer assembly from sunlight and tampering. Run-
ners inside the box allow it to be slotted over the manom-
eter board and to be held in place.

12.7 Tensiometer Installation

Tensiometers are usually installed in ‘banks’ or ‘nests’ of
several instruments close together, most often at different
depths to measure the hydraulic potential profile. In such a
case, since it is not normally possible to install the instru-
ments vertically above one another, it is sensible to mini-
mise the lateral separation between instruments at
adjacent depths and to keep the area occupied by the nest
as small as possible.

A suggested layout for a set of 12 tensiometers in a 4 × 3
array is shown in Fig. 12.17. The tensiometers should be
mounted as close to one another horizontally as practical.
A spacing of 150 or 200mm is usually achievable while still
allowing access for maintenance.

12.7.1 Preparing the hole

Disturbance to the soil structure is less of a problem for
water potential measurement than for water content meas-
urement because water potential equilibrates regardless of
soil structure. Disturbancemay affect the rate at which this
occurs and indirect effects can result from changes to flow
patterns caused by different hydraulic properties.

The most important considerations for tensiometer
installation are:
• To ensure good contact between the sensor and the soil to
minimise the delay between a change of soil water poten-
tial and that indicated by the sensor. Poor contact can result
from the tensiometer cup touching the soil in only a few
places, sometimes as a result of soil shrinking or swelling
or a hole that has been bored too large. Poor contact may
also result from smearing of clay soil by the drilling tool.

Fig. 12.16 Tensiometer radiation shield incorporating insulation.
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Smearing aligns the clay platelets along thewall of the hole.
Hydraulic conductivity is very low perpendicular to this
direction, providing an effective barrier to water flow.
The film may be disrupted by using a stiff brush, but the
problem is less likely to arise when installation happens
under dry conditions.
• To avoid creating rapid water flow paths that lead to
unrepresentative readings, such flow paths are most likely
to result from a gap between the tensiometer stem and the
soil. This is very similar to the situation for installation of
access tubes for water content measurement.

To avoid a gap, it is strongly recommended that tensi-
ometers be installed within a larger diameter sleeve as
shown in Fig. 12.18. The advantages of this are:
• Any water running down the outside of the access tube
can go no further than the bottom of the sleeving tube,
which is sufficiently far above the tensiometer cup not to
affect the reading;
• Stones in the profile can often be removed easily by an
auger drilling a large (ca. 45–50mm) diameter hole, whereas
it is much more difficult using a smaller diameter auger
(usually 20–25mm). Usually, the hole below the bottom
of the sleeving tube ismadewith an auger of the same diam-
eter as the cup. However, if a clean hole of this diameter
cannot bemade, a hole of the full width of the sleeving tube
should be bored to the depth of the bottom of the tensi-
ometer cup. After insertion of the access tube, the soil from
the lower part of the hole is sieved and poured back into the
hole, tamping every few cm, to ensure a stable medium
without voids. A hole of the correct size for the tensiometer
cup should then be easy to auger in this stone-free soil.

An alternativemethod, described by Baker et al. (1974), is to
drill an oversize hole but to partially fill the hole with soil
slurry. Pushing the tensiometer into the hole displaces
slurry and forms a cap at the surface, which sheds water.

12.7.2 Installation in the hole

Before placing the tensiometer in the hole, the cup should
be thoroughly wetted. To avoid air entrapment within the
ceramic, the cup must be wetted from one side only, either
by standing the tensiometer in a container ofwater for a few
minutes or by pouring water into the tensiometer body.
The latter is usually easier as wetting is accelerated by

Fig. 12.17 Suggested layout for 12 tensiometers installed to
represent a vertical profile from 0.2 to 3.0m depth. Arrows show
the lateral relationship between tensiometers at adjacent depths.

Fig. 12.18 Tensiometer installation inside a sleeving tube.
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the greater head ofwater that can be imposed. It is also obvi-
ous whenwater starts to come through the cup and wetting
of the entire surface can be checked. Additionally, if the cup
is cracked or not bonded properly to the body tube, water
runs out of the tensiometer much faster than if the con-
struction is intact. If the cup is wetted from the outside,
then complete wetting must be checked by tipping the ten-
siometer upside down and observing water running out of
the air trap. In either case, excess water must be emptied
from the tensiometer body before installation as it must
be filled with de-aired water.

Before placing the tensiometer into the hole, the body
tube should be marked at the place where it will be level
with the top of the sleeving tube (or ground surface if no
sleeving tube is used) when the centre of the ceramic cup
is at the correct depth. The rubber bung must also be slid
onto the body tube if it has not already been done.
A little silicone grease or household washing up liquid
applied to the stem of the tensiometer will help to slide
the bung along it. Great care must be taken to keep grease
off the ceramic cup, which would block its pores.

It is important when emplacing (and removing) tensi-
ometers to use longitudinal force only, that is, to push or
pull straight along the stem. Any twisting of the tensi-
ometer will probably break the cup at the neck. Should this
happen, the remains of the ceramic can usually be broken
up and most removed using an auger.

If the tensiometer cannot be pushed deep enough into
the soil, it must be removed, the hole augered a little deeper
and the tensiometer replaced. If it goes in too far, it should
be removed, a small amount of sifted soil poured into the
hole and the tensiometer reinserted. It is not acceptable
simply to withdraw the tensiometer a short distance to
bring the mark to the correct place and hope that it will
remain at that depth indefinitely.

Sometimes, a good, tight fit of the tensiometer cup in the
hole is difficult to achieve. If this occurs, a small amount of
slurry made with soil or silica flour mixed with water
should be poured into the hole followed immediately by
pushing the tensiometer into it. After a fairly short time,
the excess water will drain away, leaving the cup tightly
embedded in the soil.

It is very important that, after emplacing the tensi-
ometer in the hole, the bung sealing between the tensi-
ometer body and access tube fits tightly to both. If there
is any doubt about this, some silicone sealant should help
to ensure a good seal, although it is much better to have
a tight-fitting bung in the first place. If silicone sealant is
used, the integrity of the seal must be checked periodically
(say every 3 months) to make sure it is not peeling away. If
this happens, more sealant will need to be applied.

The tensiometer is now ready for fillingwithwater, once
any work to make connections is completed. If the tensi-
ometer will be left empty for some time before completion
of other installation work, the top should be covered with a
radiation shield or a cap to prevent stray materials falling
into it.

12.7.3 Mercury manometer tensiometers

Before filling the tensiometer, the manometer(s) must be
in place.

Installing the manometer board support
The mount for the manometer board should be vertical, so
caremust be taken to checkwith a spirit level that it goes in
straight. A few degrees of error in a direction perpendicular
to themanometer board will not produce a significant error
in the reading, but if it leans parallel to the face of the board
holding a bank of manometers, each manometer is a differ-
ent distance above the ground surface and the local scale
zero is a different distance above the mercury level as
shown in Fig. 12.19.

For the situation shown in Fig. 12.19a, the true height of
the mercury column, h is related to that read on the
manometer board, h0, by

h=h0 cosθ; ð12:7:1Þ

where θ is the angle between the vertical and the board. For
small angles, cos θ is very close to one, differing by less than
1% for angles up to 8�. In Fig. 12.19, θ is 3�.

Where the tilt is parallel to the face of the board, how-
ever, the error in reading the mercury height depends on
the lateral distance of the manometer from the point at
which the zero was set. Assuming that this is at the centre
of the bank of manometers, then the true mercury height is
given by

h=h0 cosθ +w sinθ; ð12:7:2Þ

where w is the distance between the manometer position
and the point at which the zero was set. The term w sin θ

Fig. 12.19 The effect of mounting the manometer board on a
non-vertical post. (a) leaning perpendicular to the face of the board;
(b) leaning parallel to the board. In both cases, the board ismounted
3� from the vertical.
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is not negligible. The outer manometers on a board may
typically be 100mm either side of the centre line, so for
the example given with θ of 3�, the error is about 5mm
equivalent to 66mmwater. The error is of the opposite sign
on the other side of the board, so there would be a difference
in the apparent potential of 131mm water between them,
even if the true potential were the same for each tensi-
ometer. This differential error is usually of much more
significance than the absolute error in the readings.
Figure 12.19b shows the situation where the actual mer-
cury height is the same for all manometers (eight in this
example) on the board, but it can be seen clearly that the
scale indication differs from one side to the other.

Once the support post is installed securely, the manom-
eter board can then be attached to it.

If not already done earlier, the mercury reservoir
should be mounted onto the manometer board and filled
with mercury. There must be enough mercury to cover
the top of the wells when all of the manometer tubes
contain about 700mm of mercury. For a reservoir of
cross-sectional area 2000mm2, and 12 manometer tubes
of internal diameter 1.5mm, this is a total volume of about
15,000mm3 or a depth of 7.5mm in the reservoir. There
should, therefore, be at least 10mm of mercury in the res-
ervoir above the top of the wells when the tubes are empty.
Taking into account the volume of 12 wells of diameter
6mm and depth 17mm, the volume of mercury required
is about 20,000mm3, (20mL). Mercury is usually bought
by mass. With a density of 13,600 kg m−3, the amount
needed is 270 g.

Great care must be taken when filling the reservoir that
mercury is not spilled, asmercury is a hazardous substance.
It is best done by drawing a quantity into a syringe with a
short length of flexible tube attached. This can then be dis-
charged gently into the reservoir.

Fitting the connecting and manometer tubes
The manometer tubes should now be attached to the board
and, if they are not continuous with the connecting tubes,
joined to them at this time. The manometer tubes must be
cut at an angle and threaded through holes in the reservoir
lid and then each into a separate well in the reservoir base.
Any spare holes in the reservoir lid should be sealed with a
small bung to prevent mercury splashing out, leaving just
one hole to provide an atmospheric pressure reference.

The tensiometer end of the connecting tube should be
cut at an angle as shown in Fig. 12.13. This aids threading
through the neoprene bung and prevents it sealing against
the bottom of themercury trap or porous cup. The connect-
ingtubeshouldextendwell insidethebodytube (at least100
mm but up to 500mm or more if the tensiometer is long
enough) so that its end is always below the water level in
the tensiometer body. This reduces uncertainty in the read-
ing, as it is thewater pressure, not that of the airspace above
it that should be measured. If the connecting tube extends
inside the porous cup, any air bubbles trapped inside the
cup may be dislodged during the filling or purging process

(see next section and Section 12.10.1). Before passing the
connecting tube through the hole in the neoprene bung,
the tubing used for radiation shielding (Section 12.6.3)
should be threaded onto it, taking care that it is long enough
for one end to be inside the shielding over the tensiometer
and theother tobe inside theboxover themanometerboard.
Itmay be convenient to route themanometer end of all con-
necting tubes througha singleprotectiveouter flexible tube.
Lubrication of the tube with silicone grease or washing up
liquid eases threading the tube through what can often be
a tight hole. A tight fit is, however, much more desirable
than a loose one, which leaks at high vacuum. Once
threaded, the end of the connecting tube must be inspected
to check that there are no rubber particles, grease or other
debris in the tube. If so, it is a simplematter tocuta fewmilli-
metres off the end to ensure that the tube cannot become
blocked or contaminate the mercury.

Zero adjustment
Before filling the tensiometers, a ‘zero adjustment’must be
performed. This ensures that a zero reading on the scale cor-
responds to a zero hydraulic potential relative to the chosen
datum level. The connecting tube and manometer must
first be full of water. This is most easily accomplished by
injecting water from a syringe into the tensiometer end
of a connecting tube though a small, bored rubber bung
or a short length of flexible plastic tube. The connecting
tube end is then held under the surface of a small quantity
of water in a dish, such that the surface of the water is at the
desired datum level. This can usually be arranged by taking
advantage of a natural depression in the ground surface or
creating a small hole for the dish. Care is needed to prevent
air entering the end of the connecting tube, but this can
happen only if the end of the tube is raised, so filling and
then lowering the end into water will not draw in air.

With the connecting tube in place as described previ-
ously, the mercury level in the manometer tube relative
to the zero of the scale is noted. The level can be aligned
with the scale zero in four ways:
1 Add or remove mercury to or from the reservoir by using
a syringe with a short length of flexible tube attached.
Clearly, this method can be used to adjust the zero point
by only a few millimetres. Equation 12.5.2 shows that
the change in h is given by

Δh= −
ρHg=ρw
� �

−2
� �
ρHg=ρw
� �

−1
� �Δs: ð12:7:3Þ

The negative sign signifies that as s increases (i.e. the mer-
cury level moves down), the height of the mercury goes
down by almost the same amount – actually 92% of it
because of the reduction in d.
2 Move the reservoir up or down. This has the same effect
as adding or withdrawingmercury from the reservoir. How-
ever, if more than a small adjustment is needed to the res-
ervoir position, the manometer tubes will also need to be
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adjusted as the tubes will either come into contact with the
bottom of the wells, preventing it from being raised further
or come out of the reservoir altogether. This is not usually
difficult but can be quite time consuming.
3 Move the scale(s) relative to the manometer tubes to
align the zero with the mercury level in the manometer.
4 Move the complete board, reservoir, manometer, and
scale assembly up or down on its supporting post. This is
simple if the post is tubular and the board is mounted to
it by ‘U’-bolts. Otherwise, either the board or stake will
need slots, through which mounting bolts pass.
This changes d in Equation 12.5.2 and h changes by

Δh=
Δd

ρHg=ρw
� �

−1
� � : ð12:7:4Þ

With (ρHg/ρw) equal to about 13.6, the change in h is (Δd/
12.6) or about 8% of the change in d so that this is an effec-
tive way to fine tune the readings.

Provided that the board is vertical, all manometers
should show the same reading of zero when the end of its
connecting tube is dipped into water at ground level. It is
advisable to check that this is indeed the case for
manometers at each end of the board.

Filling the tensiometers
Now, the tensiometers can be filled.

When filling the tensiometers, it is essential to:
• Use de-aired water. Appendix 12.B gives instructions on
preparing de-aired water.
• Avoid air bubbles.
• Minimise the opportunities for air to dissolve in
the water.

To achieve these ends, the water should be poured gen-
tly into the air trap until it is completely full. Often, air bub-
bles are trapped inside the body tube or in the cup as they
are inhibited by the narrow neck. Thesemay rise up almost
immediately, or in some cases, take up to a couple of days
after the tensiometer has been commissioned before all air
bubbles have collected in the air trap. Applying a modest
vacuum to the tensiometer filling hole using a syringe or
a small hand pump helps speed up their removal.

Once filled, a mercury trap, filled with de-aired water,
should be attached to the free end of each connecting tube.
This is put into its appropriate tensiometer. For a set of ten-
siometers installed to provide readings at different depths,
it is sensible to connect the manometers in depth order so
that the shallowest one is on the left-hand side and the dee-
pest on the right. This gives an immediate visual represen-
tation of the hydraulic potential profile. A fairly smooth
variation is normally expected from one depth to the next,
so that if one tensiometer has a problem, this should be
obvious from the pattern of mercury heights.

The sealing bung should be pushed firmly into the top of
the air trap, taking care that there is no air gap beneath the
bung or blades of grass or other vegetation are not trapped
between the air trap and the bung.

Finally, inject de-aired water through the filling hole in
the sealing bung. This is most conveniently done using a
syringe into which de-aired water has been sucked. The
water injected will push some of the water already in the
tensiometer through the connecting and manometer tubes
and out via themercury into the upper part of the reservoir.
The filling hole is then sealed with a small rubber bung or
solid plug. Once again, care must be taken not to introduce
any air into the tensiometer when injecting the water and
that the purging hole is completely full of water before
sealing it.

The tensiometer radiation shield and the shield for the
board can now be fitted and installation is complete.
A photo of a complete installation is shown in Fig. 12.20.

Once installed, the mercury level will probably rise
quickly at first, as the positive pressure inside the cup pro-
vides quite a strong driving force to pushwater into the soil.
The rate of rise will soon slow and equilibriumwith the soil
can take from around 1 hour to several days, depending on a
number of factors, most important of which is the diffusiv-
ity of the soil. This is much smaller for dry than for wet soil
and varies considerably from soil to soil, so that equilibra-
tion takesmuch longer in dry soil and heavy clays. Frequent
monitoring of the readings allows assessment of when

Fig. 12.20 A set of mercury manometer tensiometers showing
scale, radiation shielding, syringe and water supply for purging.
Reproduced with permission of the Centre for Ecology &
Hydrology.
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equilibrium has been reached. The equilibration process
involves not just waiting for water to pass through the
ceramic cup but also for the water displaced to dissipate
within the surrounding soil. Extra water will also inevita-
bly pass into the soil through the cup during the filling
process.

12.7.4 Bourdon gauge tensiometers and those with
pressure transducers mounted at the top

For these tensiometers, the procedure depends on the fit-
ting of the gauge. The principles are, however, the same
as described for the filling of mercury manometer devices,
namely, to avoid trapping air bubbles in the body tube and
preventing air dissolving in the water during the filling
process.

On somemodels, the gauge is fitted on the side of the air
trap usually inclined so that air will rise out of the fitting
(Fig. 12.1). In this case, the gauge should be fitted before fill-
ing the tensiometer. If it fits on top, then the tensiometer
must be filled before fitting the gauge.

After filling the body tube completely, any air bubbles
trapped can be encouraged to rise to the surface by applying
a vacuum to the air trap as described for mercury manom-
eter tensiometers. The body tube is then refilled and the
gauge or the sealing cap fitted and sealed, taking care that
no air bubbles remain. The air trap should be examined
after 24 hours to check if more air has collected and to refill
the tensiometer if necessary.

These tensiometers, because of their high sensitivity,
are very sensitive to air temperature changes and, espe-
cially, sunlight causing large internal pressure changes.
Radiation shielding and preferably insulation using
expanded foam is, therefore, highly recommended to mini-
mise spurious, thermally induced fluctuations in the read-
ings (see Section 12.5.4).

12.7.5 Tensiometers with pressure transducer
close to the ceramic cup

These tensiometers either have no hydraulic connection
to the surface or small-bore tubing for refilling (Sec-
tion 12.5.4).

For the first type, it is essential to fill the tensiometer
with de-aired water before installation. The tensiometer
is dismantled by removing either the pressure transducer
or the ceramic cup,whichmayunscrew. Reassembly is best
performed with the complete unit immersed in water. This
prevents small air bubbles being accidentally left behind.
Great caremust be taken to keep the electrical connections
at the back of the transducer dry.

For those tensiometers designed for in situ servicing, the
tubing to the surface is too narrow to allow pouring water
in. There are three alternatives:
1 Use a specially constructed reservoir feeding into flexible
tubing, which can fit onto the inlet tube of the tensiometer,
as shown in Fig. 12.21a. The flow of water can be turned on

or off by a clamp or a small inline tap on the flexible tube.
Water needs to be run into the tensiometer until the water
emerging from the outlet is free of bubbles. Usually, air will
appear first, then a mixture of water and air bubbles, fol-
lowed by water alone. Sometimes, more air bubbles may
appear a little later, so time should be taken to allow all
bubbles to be eliminated.
2 Water can be injected into the tensiometer using a
syringe insteadofthewater reservoirasshowninFig.12.21b.
The syringe should contain enoughwater to fill the system.
A 20-mL syringe is normally adequate. A possible problem
is damage to the transducer diaphragm by applying too
much pressure. Most commercial transducers will take
up to about three times their rated full-scale pressure with-
out damage (see themanufacturer’s data sheet). Monitoring
the pressure transducer outputwhile filling will allow over-
pressurisation to be prevented. There is, in any case, no
need to apply a great deal of pressure since water should
flow through the tubes freely with only modest pressure.
Large diameter syringes are inherently less likely to gener-
ate high pressures. This is because, for a given force, F, on
the syringe piston with a cross-sectional area, A, the pres-
sure generated is F/A.
3 The bestway to fill and service this type of tensiometer is
to apply a suction to the outlet and a water reservoir con-
nected to the inlet as shown Fig. 12.21c. The advantages
of this method are:

• There is no danger of straining the diaphragm of the
transducer, unless it is of very low range, since a differen-
tial pressure of no more than 10m water (1 bar) can be
imposed on it.
• Any air bubbles inside the tensiometer expand and
become more buoyant, making it more likely that they
rise into the air trap and are sucked into the outlet pipe.
Because they are larger, even if not all of the bubbles pass
into the outlet, less air is likely to remain inside the
device than if the operation is done under pressure. Pres-
surisation compresses the bubbles, which can then re-
expand when the pressure is released.
There are several ways in which a suction may be

applied to the tensiometer in the field. The simplest is to
use a small hand-operated or battery-powered electric
pump. These require a reservoir, both to avoid excessive
pressure fluctuations and to keep water out of the pump,
which may damage it. The arrangement is illustrated
in Fig. 12.21c. The pump passes a large volume of water
vapour, so it needs to be suitable for this application. Oil-
based pumps are not suitable as water becomes mixed into
the oil.

If a purpose-made pump is not available, one can be
improvised by a syringe fitted with a three-way valve as
illustrated in Fig. 12.22a. Alternatively, the syringe can
be converted to a normal pump by use of two small check
valves or fluidics diodes as shown in Fig. 12.22b.

Use of a pump and reservoir can simplify the procedure
for several tensiometers. The reservoir, whichmay suitably
be a 500mL or 1 L Buchner flask, is first pumped out and
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sealed off then connected to the first tensiometer. After fill-
ing this, the reservoir is sealed with a clamp or tap and then
used similarly on more instruments until the vacuum falls
to a level where water flow becomes too slow and the reser-
voir should be pumped out again. The reservoir should be
made of a transparentmaterial (usually glass) to ensure that
the amount of water collected can be monitored and

emptied before being sucked into the pump. However, the
vessel must be able to withstand the pressure differential
across it when subjected to a vacuum inside. Buchner flasks
and other thick-walled glass bottles are designed to be sub-
jected to a vacuum.On no accountmust a thin-walled glass
flask or bottle be used as it may implode and cause severe
injury.

When filling a tensiometer by vacuum, a similar
sequence of events as described previously for filling under
pressure will occur. However, if the vacuum in the reser-
voir is low enough, the water in the outlet tube may cavi-
tate, giving the appearance of air bubbles. These are
usually larger than the real air bubbles seen in the last stage
of de-airing the tensiometer. With experience, this phe-
nomenon can be distinguished from a genuine leak.

Whichever filling method is used, it is essential to iden-
tify the inlet and outlet tubes correctly as reversing them
will result in a large amount of air being left in the tensi-
ometer (Fig. 12.9b).

Because the pressure transducer is below ground level
and very little water in the tensiometer is above ground,
radiation and temperature shielding is less important than
with above-ground transducers. Some covering of the
above-ground parts is, however, advisable to increase the
longevity of the above-ground parts, protect against damage
from animals and minimise residual thermal effects.

12.7.6 Electrical connections to pressure transducers

Strain gauge pressure transducers are very sensitive to
damp, particularly if there is contamination on the con-
tacts, which boosts the electrical conductivity of any water

Fig. 12.21 Three ways to fill a purgeable pressure transducer tensiometer. (a) Gravity filling from a water reservoir. (b) Injection of water
from a syringe. (c) The preferred method – filling by application of a suction. (See insert for colour representation of the figure.)

Fig. 12.22 Use of a syringe as a hand-operated pump. (a) Use of
a three-way valve to move fluid alternately in each direction.
(b) Use with two check valves or fluidics diodes.
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bridging them (see Appendix 12.A). Keeping all electrical
connections completely dry is therefore essential. In the
harsh environment of most field sites, this is not easy
and requires rigorous attention to all aspects of the electri-
cal and electronic wiring. The principles to be followed
include:
• All connectors should be rated as at least IP64. If there is
even a small risk of immersion, this should be upgraded to
IP67 or better.
• All electrical contacts should, where possible, be
lacquered.
• The enclosures containing the electronics and connec-
tions should contain a drying agent to prevent condensa-
tion and an indicator, easily visible, to allow for checking
the humidity.
• Venting of the enclosures should be via a water-repellent
breather.
• If vented transducers are used, precautions should be
takentopreventcondensationonthebackof thediaphragm.
The transducer can be vented separately through a drying
agent and/or a water-repellent breather. Some transducers
use the space within the cable sheath to act as the air pres-
sure referencepathway to thebackof the diaphragm.Others
have a separate vent tube within the cable. Others have a
separate vent port on the rear of the transducer. Whichever
arrangement the transducer has, it is vital that there is an

unobstructed pathway to the atmosphere. This ismost easy
to arrange where there is a separate vent port on the trans-
ducer. A small diameter flexible pipe can be connected to
this and led to the surface, vented via a small transparent
tube of silica gel or other drying agent with a humidity indi-
cator so that its state can bemonitored and the drying agent
changed when necessary (see Fig. 12.23).
• Where the venting is within the cable itself, either
through a tube or just through the cable casing, a successful
arrangement is the removal of a spare pin from one half of a
connector and the corresponding socket from the other
part, thus enabling pressure equalisation between the inte-
rior of the connection or logger enclosure and the rear of
the transducer diaphragm. The enclosure must be vented.
This may be by a separate vent, similar to that used for
transducers with a separate vent tube. A better solution
is to place the drying agent inside the enclosure, which is
ventilated via a hydrophobic breather. Thiswill prevent liq-
uid water, insects and dust from getting into the enclosure.
A humidity indicator is necessary on the enclosure so that
it can be monitored without opening the enclosure and let-
ting damp air or rainwater in. A separate connector on the
outside of the enclosure is recommended to connect a lap-
top computer or other device to download data from the
logger and to make adjustments, if necessary, to the logger
settings.

Fig. 12.23 A data logger setup for recording readings of pressure transducer tensiometers. Three transducers are shown, but usually there
will bemore, together with other instruments (e.g. raingauge, dielectric soil water sensors), a solar panel, etc. All should be connected using
waterproof connectors rated to at least IP64. An unobstructed atmospheric pressure reference to the transducers is important while
maintaining dry conditions to avoid spurious data and electronicsmalfunctions. An alternative arrangement for transducerswith a separate
vent tube is also shown. (See insert for colour representation of the figure.)
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These precautions will ensure that the transducers are
properly vented to atmosphere, while protecting both them
and the other electronics from damp. Figure 12.23 shows a
suggested arrangement. In most practical situations, the
logger is connected to several other instruments in addition
to tensiometers, for instance an automatic rain gauge, a
flow meter, groundwater level piezometers, dielectric soil
water sensors and porous matrix water potential monitors.
These should all be connected by similar waterproof
connectors.

12.7.7 Puncture tensiometers

Unlike other types of tensiometer, puncture tensiometers
rely on there being a small amount of air in the system.
Within certain limits, the amount is not critical, but an air-
space of 20–40mm is usually suitable. The tensiometer
should be filled initially to within 20mm of the top and
then the septum fitted. If this is retained by a screw cap,
a very thin smear of silicone grease should be applied to
the top of the air trap and the septum before screwing the
cap on moderately tightly, taking care that soil particles
do not stick to the surfaces.

If, after 24 hours, the water level has dropped by more
than 10mm, more water should be added and the airspace
reduced to 10mm.

Radiation shielding and insulation of these tensiometers
is essential as there is a significant volume of air in the
above-ground part of the tensiometer. Diurnal pressure
fluctuations of 0.35m water were recorded by Warrick
et al. (1998) for a soil temperature variation amplitude at
50mm depth of 10�C in a dry soil. When the soil was irri-
gated, the pressure fluctuations reduced to 0.1m water,
showing the effect of soil water diffusivity.

12.8 Time before Tensiometers can be Read Reliably
after Filling

Pressure transducers and, to a lesser extent, Bourdon gauges
displace only a very small amount of water to register a
given pressure. Because of this, they are likely to produce
a reliable reading much quicker than puncture tensi-
ometers or mercury manometers, where larger volumes
of water must move through the cup and into the soil. In
all cases, this time is increased by the localised wetting
of the soil by water passing into it during the filling process.
This can sometimes be counteracted to some extent by
imposing a partial vacuum after filling using a syringe fitted
to a valve on the air trap, but the extra complication is
rarely justified and minimising the time that the tensi-
ometer is open and water filled is the best strategy.

12.8.1 Sensitivity as affected by air and sensor

It is instructive to consider the relative sensitivity of
different tensiometer designs. Water has a very small

compressibility – about 5 × 10−6m−1. A 1m long tensi-
ometer contains typically about 100mL of water and hence
its volume changes by about 5 × 10−4 mL m−1 change in
pressure. The sensitivity (Section 11.3) is the reciprocal of
this, that is, 2000m mL−1. Air, on the other hand, has a
compressibility of 1/P, where P is the absolute pressure.
So at atmospheric pressure (10m water), it is 0.1m−1 and
at 1m water (corresponding to a water potential of −9m
water) it is 1m−1. A 1mL air bubble, therefore, will change
its volume by 0.1mLm−1 at atmospheric pressure and 1mL
m−1 at 1m water; that is, by 200 and 2000 times more than
100mL of water, with correspondingly large reductions in
sensitivity. The volume of the air bubble also changes
markedly. A 1mL air bubble at atmospheric pressure
becomes a 2mL air bubble at −5mwater pressure. Its com-
pressibility also doubles, since P halves, so that the actual
change in volume is four times that at atmospheric pressure
for the same small pressure change.

Other tensiometer components will change dimension
to some extent as the internal pressure changes. These are
more difficult to estimate given the variety of different
designs and materials used. They are, however, unlikely
to be comparable to the compressibility of 1mL of air.

Pressure transducers have a very small volume change,
typically 10−3 mL m−1, corresponding to a sensitivity of
1000m water mL−1. Klute and Peters (1966) found a value
of about this for their complete pressure transducer tensi-
ometer system (see also Biesheuvel et al., 1999).

The sensitivity of a mercury manometer can be calcu-
lated as follows. If the internal diameter of the manometer
tube is 1mm, its cross-sectional area is about 0.8mm2.
A 1m displacement corresponds to a pressure change of
12.6m water and 0.8mL mercury so its sensitivity is
12.6/0.8m mL−1 = 16m mL−1.

For a puncture tensiometer with a 2mL airspace at
atmospheric pressure, the initial sensitivity will be
5m mL−1. If the hydraulic potential reaches 5m water,
the bubble will double in size to 4mL and the sensitivity
falls to 0.125m mL−1.

A fixed pressure transducer tensiometer with an
initial 0.3mL air bubble in the pressure port
(Section 12.5.4) has a sensitivity of 2/0.3 = 7 times this,
that is, 33mmL−1 at atmospheric pressure and0.83mmL−1

at 5m water because of the reduced volume of air. This
may be somewhat misleading, however, as the air in
the pressure port will expand as the internal pressure falls
and bubble up to the top, where it will be removed at the
next service.

These are summarised in Table 12.1.
Pressure transducer tensiometers often produce relia-

ble readingswithin 1 hour and it is rare for any tensiometer
not to reach equilibrium with its surroundings at matric
potentials above – 5m water after 24 hours. At lower
matric potentials, however, response times become
much longer as air that has diffused into the tensiometer
comes out of solution and the diffusivity of the soil drops
markedly.
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12.9 Reading of Tensiometers

The response time of a tensiometer depends on its sensitiv-
ity and the ease with which water can be exchanged
between the bulk soil and the interior of the instrument.
Tensiometers, which require only a small amount of water
to be exchanged, that is, those with high sensitivity, can
react much faster than those that need a large volume dis-
placement. Therefore, fast response is associated with
small volume displacement sensors (pressure transducers
and Bourdon gauges), small volumes of air and wet soil.
Mercury manometer and puncture tensiometers, as well
as small volume displacement devices with a large volume
of air inside, and dry soil lead to sluggish response. There is,
therefore, little advantage in frequent reading of tensi-
ometers, which respond slowly, as they are unable to follow
rapid variations. As a rule of thumb, mercury manometer
and puncture tensiometers are unsuitable for reading more
frequently than once per day.

While Bourdon gauge and pressure transducer tensi-
ometers should react quickly if there are no air bubbles,
thermally induced fluctuations resulting from solar radia-
tion or air temperature fluctuations may mean that these
are unreliable.

If fast time resolution (more frequent than daily) is
needed, then it is strongly recommended that pressure
transducers below the ground surface are used.

12.9.1 Mercury manometer tensiometers

In principle, measurement is just a matter of reading off the
height of the mercury column. However, there are a num-
ber of possible problems:
• Parallax. If the eye is not level with the mercury in the
manometer tube, then it is possible to make an error in
the reading of a few millimetres. The error arises from

the separation between themercury in themanometer tube
and the scale (Fig. 12.24).
• Broken mercury column. The mercury column may
become fragmented. This happens for several reasons, but
the most common are impurities in the tube, possibly car-
ried by the mercury from contamination of the surface, but
leaching of nylon monomer from the manometer tubing
(Webster, 1966) can also occur. Air diffusing through the
nylon tubing and collecting in bubbles (see next paragraph)
also causes breaks in the column.
When reading the tensiometer, the total length of mercury
is needed. If there are several breaks, this may be donemost
conveniently by adding together the length of each individ-
ual segment or by noting the highestmercury level and sub-
tracting the total length of all the breaks. Several short
breaks in the column close together can often be persuaded
to coalesce into one or two longer ones by gently flicking
the nylon tube, leading to a more reliable estimate of total
mercury length.

Sometimes, there are a sufficient number and length of
breaks that some of the mercury column can pass over
the top of the manometer and into the connecting tube.
Under these circumstances, the system is unstable and can-
not achieve equilibrium so it will continue to draw mer-
cury along the connecting tube and into the tensiometer
body. A mercury trap prevents this loss (Fig. 12.13).
• Air bubbles. All plastics are, to some extent, porous to
gases. Nylon 66 is less so than many others, but, neverthe-
less, air can pass through it. Initially, fine bubbles are usu-
ally observed, which do not constitute a problem. Over
time, these expand and coalesce to occupy the whole cross
section of the tube. This may be in the mercury column or
the water. Gross errors do not result from these bubbles in
the water column, but the length of tube occupied by them
has a density very close to zero and so, if the total length in
the water column amounts to l, this is equivalent to an

Table 12.1 Volume, rate of volume change with potential and sensitivity of different tensiometer components

Water potential (m water)

0 1 5 8

1mL air bubble at atmospheric
pressure

Volume, mL 1 1.1 2 5
Volume change, mL m−1 (1/S) 0.1 1.2 4 25
Sensitivity, S, m mL−1 10 0.83 0.25 0.04

100mL water Volume change, mL m−1 (1/S) 5 × 10−4 5 × 10−4 5 × 10−4 5 × 10−4

Sensitivity, S, m mL−1 2000 2000 2000 2000
Pressure transducer Volume change, mL m−1 (1/S) 10−3 10−3 10−3 10−3

Sensitivity, S, m mL−1 1000 1000 1000 1000
Mercury manometer Volume change, mL m−1 (1/S) 63 × 10−3 63 × 10−3 63 × 10−3 63 × 10−3

Sensitivity, S, m mL−1 16 16 16 16
2mL (20mm height) airspace at
atmospheric pressure in
puncture tensiometer

Volume, mL 2 2.2 4 10
Volume change, mL m−1 (1/S) 0.2 2.2 8 50
Sensitivity, S, m mL−1 5 0.45 0.125 0.02

Fixed pressure transducer
tensiometer with an initial
0.3mL air bubble

Volume, mL 0.3 0.33 0.6 1.5
Volume change, mL m−1 (1/S) 0.03 0.36 1.2 7.5
Sensitivity, S, m mL−1 33 2.8 0.83 0.13
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error in the potential of the same length inwater head units.
However, an air bubble on the manometer side of the board
produces an error in the opposite sense to one on the other
(tensiometer) side and so they compensate one another to a
significant extent.
Air bubbles in the mercury column are a different matter,
since they replace mercury of density 13,600 kg m−3 with
fluid of density very nearly zero. Subtracting the length
of air bubble from the total mercury column length leads
to a small error, since this assumes that the effective
density is 12,600 kg m−3 (i.e. the difference in density of
mercury and water), but in view of the uncertainties intro-
duced in estimating the total length involved and that this
normally occurs only at low potentials when the tensi-
ometer is becoming unreliable, there is little disadvantage.
In any case, it is difficult to distinguish between bubbles of
air and water within the mercury column.
• Temperature changes. The density of the fluids (mercury
and water) changes with temperature. The coefficient of
expansion of water is 0.207 kg m−3�C−1 and that of mercury
is 2.48 kgm−3�C−1. The relevant quantity is ρHg − ρw, which
has a combined temperature coefficient of 2.27 kg m−3�C−1

or about 0.018%�C−1. Radiation shielding reduces diurnal
temperature fluctuations but have negligible effect on

seasonal ones. A ± 10�C change in temperature, therefore,
leads to a ± 0.18% error in the readings (9mm water at a
potential of 5m water), which is relatively small compared
with some of the other likely errors.
• Drop in reservoir mercury level. The maximum amount
of mercury extracted from the reservoir is, as described in
Section 12.7.3, likely to be equivalent to a drop in the level
of the mercury level by about 7.5mm. This is equivalent to
about 95mm of water head or 9.5 hPa or slightly over 1% of
the minimum achievable reading. This is a worst-case sce-
nario and rarely will all manometers contain a column of
this height. More generally, the uncertainty in reading
due to a drop in the reservoir level is likely to be about 1%.

If better accuracy is desired, then a simple correction is
possible. If the surface area of the reservoir isA, the internal
diameter of each manometer tube is d and the mercury
height in the ith tube is hi, then the drop in the reservoir
mercury level will be

−Δs =
πd2

X
i
hi

4A
: ð12:9:1Þ

Substituting for Δs from Equation 12.7.3, a correction
to the column height, h, can be made as

h0 =h+
πd2

X
i
hi ρHg=ρw

� �
−2

� �
4A ρHg=ρw

� �
−1

� � =h + 0:723
d2

X
i
hi

A
:

ð12:9:2Þ

This is simple enough to implement by means of a com-
puter program to process the data or on a spreadsheet.

• There is a tendency for the mercury to ‘stick’ in the
manometer tube, particularly after the manometers have
been in operation for some time. This is caused by impuri-
ties and leaching of plasticiser out of the tubes, which affect
the surface properties of the tube. Because the tubing is flex-
ible, it can be agitated slightly by gently flicking with a fin-
ger. This not only causes the mercury column to settle
close to its equilibrium position but also often allows air
bubbles to coalesce, making it easier to assess the total
length of mercury.

Any visible problems with the reading should be
recorded along with the readings. Many such problems
are sufficiently common that a set of codes for these can
be used to avoid the need to write copious notes.
A suggested set of codes is:
0 No apparent problems.
1 Some air bubbles visible in the manometer tube above
the mercury.
2 Some breaks in the mercury column. These have been
subtracted from the overall length recorded.
3 Many breaks in themercury column.Only an estimate of
the total length of mercury can be made.
4 Reading completely unreliable or impossible.
5 Tensiometer has been purged since the last reading.
6 Reading may be unreliable because of frost.

Fig. 12.24 Parallax error resulting from not reading mercury
column height level with the surface. The error is minimised by
making the scale and column as close to one another as possible.
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Hydraulic potential profiles and simple field checks
If tensiometers are arranged in depth order on the manome-
ter board, then the shape of the potential profile can be visua-
lised easily. The hydraulic potential, when the tensiometer
has been set up as described in Section 12.7.3, is given by

ψh = ρHg−ρw
� �

h: ð12:9:3Þ

A schematic of a set of manometer levels is shown in
Fig. 12.25a along with the actual readings and water poten-
tials (Fig. 12.25b). The hydraulic and component potential
profiles are plotted in Fig. 12.25c along with the mercury
levels. It can be seen that the shape of the profile ismirrored
in the shape of the mercury levels, although there is some
distortion if the tensiometers are not all installed with the
same depth interval. This is of no real consequence for a
rapid check in the field.

This visualisation also provides a simple means to
identify possible faults with a tensiometer, as the regular
pattern shown in Fig. 12.25 will not occur. Figure 12.26
shows a hypothetical set of readings, where the water
potentials are the same as in Fig. 12.25, but with two faulty
tensiometers. It isworth pointing out that it is very unlikely
that a faulty tensiometer will indicate a lower potential
than that corresponding to the prevailing matric potential
at the tensiometer cup. The only circumstances in which
this might occur are if potentials are rising and the faulty
tensiometer reading is lagging much further behind that
of the other tensiometers, perhaps because of poor soil con-
tact or a constriction in the connecting tube, or if a rapid
temperature change causes the reading to fluctuate and
the tensiometer is unable to adjust sufficiently quickly.

For serious leaks, the indicatedmatric potential is likely
to be very close to zero, as the tensiometer cup cannot

Fig. 12.25 (a) Typical appearance of a set of mercury manometers under temperate climate summer conditions. (b) Readings and water
potential values. (c) Potential profile plots showing that the pattern of mercury levels in the field approximately mirrors the hydraulic
potential profile.
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support a pressure differential and so the internal pressure
equals that of the atmosphere. This is the case for the 2.4m
tensiometer depicted in Fig. 12.26. In other cases, a faulty
seal may be able to support a certain pressure differential
across it before a leak occurs and so the indicated matric
potential may be accurate down to this pressure but not
be capable of going any lower. The 0.6m tensiometer in
Fig. 12.26 has a leak that occurs only when the matric
potential is below −2.6m water.

A small crack or poor seal normally is able to support a
small negative pressure, usually opening at a slightly lower
potential from that at which it closes. The result is a read-
ing oscillating as shown in Fig. 12.27. It is characterised by
an initial rapid rise from an indicated reading of ψopen, cor-
responding to the internal pressure at which the seal fails,
to a reading of ψclose, which corresponds to the pressure at
which it reseals. The behaviour is characterised by a rapid
rise in pressure from ψopen to ψclose as air enters the tensi-
ometer followed by a slower recovery back to ψopen as water
leaves the tensiometer through the porous cup into the soil.
As more air collects in the tensiometer, the response time

increases and so the recovery phase takes longer and the fre-
quency of the cycling reduces. This behaviour is unlikely to
be observed with infrequent readings of a mercury manom-
eter but will show up as seemingly randomvariations of the
reading.

Fig. 12.26 Potential profiles as for Fig. 12.25 except for indicated potential at the 0.6 and 2.4m depths being much higher owing to
faulty tensiometers.

Fig. 12.27 Cycling of pressure caused by a leaking tensiometer
seal. The leak opens at an internal pressure of ψopen and closes
at ψclose. The opening and closing pressures often vary slightly
from one cycle to the next as shown.
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Usually, faults are the result of a leak in the tensiometer.
Common leak points are:
• A blade of grass or other piece of vegetation between the
sealing bung and air trap. This happens easily and is some-
times surprisingly difficult to notice. It is also easily
rectified.
• A loose seal between the sealing bung and the connecting
tube or a leak at another joint. The sealing bung should be
replaced as reducing the size of the hole for the connecting
tube is not practical.
• A failed adhesive joint. If this is at the air trap-body tube
junction, air bubbles may be seen leaking into the tensi-
ometer after refilling it.
• A cracked cup. These can appear some time after instal-
lation, perhaps as a result of a small incipient crack propa-
gating until it extends through the complete thickness of
the cup, or as a result of soil movement, sometimes caused
by root activity. Replacement of the cup or the entire ten-
siometerwith one of the same length are the only solutions.
It may be necessary to deepen the hole slightly if some soil
has fallen in while removing the tensiometer. Alterna-
tively, or additionally, the hole may be fractionally too
large as a result of the tensiometer removal or because
of variation in size between cups. The neck of a broken
ceramic cup can usually be removed from a body tube by
driving it out with a steel bar just small enough to fit inside
the body tube. Dropping the bar into the top of the vertical
tube is usually quite effective.

In all cases in which the tensiometer leaks, it loses
water, so a lower than expected reading coupled with
higher than expected loss of water are indicative of a leak.
To save time, it is recommended that investigation of the
cause of a leak be done in the order listed above.

When reading tensiometers, it is useful to make a rea-
sonable estimate of the indicatedwater potential as a check
on plausibility of the readings. A customised manometer
scale calibrated in water potential units will obviously
achieve this. However, it is usually convenient to use the
more easily available scales calibrated in millimetres.
In this case, the conversion factor to metres of water is
0.0126, which is close to 0.0125, and so dividing the reading
in millimetres by four and adding it to the reading gives an
approximate value for the magnitude of the hydraulic
potential in centimetres of water or hectopascals (divide
by 100 for metres of water or multiply by 10 for millimetres
of water). Subtracting the depth of the tensiometer cup
from this value gives themagnitude of thematric potential.

12.9.2 Bourdon gauge tensiometers

Reading of a Bourdon gauge is a straightforward matter of
taking a reading from a dial. Apart from the inherent inac-
curacies resulting from the very limited size of the scale and
the mechanical linkage, reading of the gauge can produce
similar parallax errors as for a mercury manometer.
To reduce this, care must be taken that the line of sight
is perpendicular to the scale.

Apart from leaks connected with cracks and poor bond-
ing of the cup, which are much the same as for all tensi-
ometers, Bourdon gauge instruments may leak at the
filling cap, which usually screws onto the air trap and is
sealed by a rubber disc. This may lose flexibility with age
or become contaminated by vegetation or soil particles,
leading to leaks. The other potential leakage point is the
connection of the Bourdon gauge into the tensiometer
body. This is usually a screw-in connection, sealed by PTFE
tape on the threads or an ‘O’-ring. PTFE tapeworks well but
cannot stand many dismantlings and remakings before
needing to be renewed, while an ‘O’-ring is at similar risk
of ageing and contamination by soil or vegetation as the
rubber seal to the cap.

12.9.3 Puncture tensiometers

Apuncture tensiometer is readbyholding theheadunitover
the top of the tensiometer and pressing the needle through
the septum. The tip of the needle should enter the water
inside the tensiometer. If the head unit is heavy enough, it
can rest on top of the tensiometer, which avoids unsteady
handmovements from disturbing the readings. If the reader
unit is not sufficiently heavy, an additional weight can be
attached to it to overcome the force of the spring and any
buffetingbywind. If this is notpossible, the readerunitmust
be held as still as possible while the reading is taken.

Correction of puncture tensiometer readings
for needle insertion
Inserting the needle disturbs the pressure inside the tensi-
ometer somewhat. Thony et al. (1989) conducted a theoret-
ical and experimental study of the effect. They found that
the pressure in the airspace above thewater level is disturbed
when the needle is inserted. This is caused partly by the vol-
ume of the solid wall of the needle compressing the gas. But
themain disturbance arises because a volume, ν, of gas in the
needle and casing of the transducer beneath the diaphragm
at atmospheric pressure, A, is mixed with the existing air
of volume, V, at a lower pressure, P. The resulting mixture
will have a volume V1, and pressure, P1, given by

V1 =V + ν; ð12:9:4Þ
P1V1 =PV +Aν; ð12:9:5Þ

P1 =
PV +Aν

V + ν
: ð12:9:6Þ

The difference ΔP between the pressure before the
needle was inserted and that immediately after will be

ΔP =
A−P
V + ν

ν≈ −
ψ

V
ν; ð12:9:7Þ

if ν is small compared with V. Therefore the difference
between the actual water potential and that indicated
immediately after insertion of the needle is very nearly

189Tensiometers

FOR REFERENCE PURPOSES ONLY



proportional to the hydraulic potential and the volume of
air contained within the needle and transducer casing. This
can be put another way that there is an almost proportional
error in the hydraulic potential reading of ν/V.

To reduce the error, therefore, ν, the volume of air con-
tained within the needle and the transducer casing should
be as small as possible. Marthaler et al. (1983) measured
values between 0.07 and 0.1mL for different examples of
their system, while Thony et al. (1989) also took a value
of 0.1mL as typical. Having an air pocket of 4mL (a length
of about 40mm in a typical tensiometer with an internal
cross-sectional area of the air trap of 1 cm2) therefore leads
to an overestimate of the hydraulic potential of about 2.5%
(i.e. a smaller absolute number).

Thony et al. (1989) found that the initial increase in pres-
sure was reasonably consistent with the theory out-
lined here.

By filling the airspace in the transducer casing and nee-
dle with water, which is almost incompressible, v can be
reduced effectively to zero. However, this does not elimi-
nate the error in the tensiometer reading aswe ignored solid
needlewall above. If this is full ofwater, then effectively the
volume of the airspace is reduced by the volume of the nee-
dle case, v∗, inside the tensiometer plus thewater contained
within it. Applying Boyle’s Law, we get

PV =P1 V−v∗ð Þ: ð12:9:8Þ

So

ΔP=P1−P=
Pv∗

V−v∗ ≈
P
V
v∗: ð12:9:9Þ

In this case, the increase in pressure is greatest when
water potential is high (i.e. P is close to atmospheric pres-
sure). For a needle of outer diameter 0.5mm and penetrated
length 25mm, the volume, v∗, is about 5mm3, so with V
equal to 4mL, the maximum value of ΔPwhen P is around
atmospheric pressure, 10m water, is about 12mm water
This is very small and comparable with the error from other
sources and much less than the error resulting from gas
expansion in the needle and transducer.

The tensiometer is not a closed system. An increase in
pressure inside the instrument caused by introduction of
air or the needle leads to water moving out through the
porous cup into the soil until the water inside is once again
in equilibrium with water in the soil. Depending on the
characteristics of the cup, the soil and the water status of
the soil, this can take from 2minutes to more than 35 min-
utes (Marthaler et al., 1983; Thony et al., 1989; Cress-
well, 1993).

Waiting for several minutes to take a reading on each
tensiometer, bearing in mind that there are usually at
least six and often very many more at each location, is
inconsistent with one of the primary advantages of the
puncture tensiometer – the ability to read a large number
of tensiometers in a short time. There are two possible
approaches:

1 To take a reading immediately after insertion of the nee-
dle into the tensiometer. In practice, there may be a short-
term transient so that it may be necessary to wait for a few
seconds to ensure that the reading is at least quasi-stable.
A correction can be applied to this reading if high accuracy
is important using Equation 12.9.7 or 12.9.9 as appropriate.
Thiswill require ν or ν∗ to be known, or at least estimated to
a good approximation, as well as V.
2 To use the method of Greenwood and Daniel (1996),
which involves puncturing the tensiometer twice in rapid
succession. This will produce a second reading, P2, similar
to Equation 12.9.6 given by

P2 =
P1V +Av
V + v

≈P1 +A
v
V

ð12:9:10Þ

from which v/V may be estimated, leading to

P≈2P1−P2: ð12:9:11Þ

The same equation is also valid in the case of a water-
filled needle and transducer casing.

Leakage around the needle
A common problem with puncture tensiometers is leakage
of air between the needle and septum into the tensiometer.
It is characterised by an oscillatory reading as depicted in
Fig. 12.27. This behaviour results from air leaking past the
needle into the tensiometer, then the seal between the nee-
dle and septumbeing re-established, only to leak againwhen
thevacuumhasincreased.Eachtime,moreairenterstheten-
siometer, leading to an increase in the time taken for recov-
ery. This behaviour is very similar to that described for other
kinds of leak.Care in inserting the needle straight and avoid-
ing any sideways movement will reduce the frequency of
such problems. If one tensiometer produces such behaviour
frequently, the septum should be changed as it is likely that
each new hole is too close to an older one or the septum has
perished.Cyclingof thereadingasdescribed inSection12.9.1
means that the reading isunreliable and shouldbediscarded.
However, the potentialwithin the tensiometerwill be lower
than that corresponding to the numerically largest reading
observed, so this will give an upper value for the potential.

Differences between the needle terminating in
the airspace or water
The only control over the quantity of air inside the tensi-
ometer is the amount of de-aired water used when refilling
at its last service. As the internal pressure falls, the air
expands and may be augmented by air diffusing into the
tensiometer or exsolving from solution in the water inside
the tensiometer. The size of the air bubble cannot, there-
fore, be predicted in advance and sometimes the needle
penetrates into the water, while on other occasions it ter-
minates in the airspace.

In the case where the end of the tensiometer needle is
beneath the water level in the tensiometer, the situation is
as shown in Fig. 12.28a. The pressure in the water column
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decreases fromA + ψm at the position of the porous cup toA
+ ψm − h at a height, h above it, where A is the atmospheric
pressure. The pressure at the tip of the needle is therefore
A + ψm − z − dn, where z is the depth of the porous cup below
ground level and dn is the height of the needle tip above the
ground. This is independent of the water level in the tensi-
ometer provided that the needle tip is beneath it. The pres-
sure recorded by the pressure transducer will be slightly
greater than this by an amount pc, owing to the capillary
effect of the small internal diameter of the needle. This
means that the air pressure inside theneedleneeds tobea lit-
tle higher than that of the water for a bubble to escape from
the needle. Thony et al. (1989) estimated that thiswas about
70mmwater foraneedleof internaldiameter0.4mm,which
was consistent with their measurements.

If the needle tip is above the water level inside the ten-
siometer (Fig. 12.28b), which ismost often the case, ameas-
urement of the potential can bemade but the position of the
water level must be known. This is quite easy if the water
level is visible, but if not, the level can be calculated from
the quantity of de-aired water needed to bring the level up
to amark by dividing thewater volume by the inside area of
the air trap. The pressure in the airspace above the water
level, which is measured by the pressure transducer, is
the same as that in the water at the water level. This pres-
sure is A + ψm − z − dw, where dw is the height of the water
level above ground surface.

If the pressure recorded by the transducer is Pt, then the
hydraulic potential, ψ , when the needle tip is under the
water level is given by

ψ =Pt +dn−pc: ð12:9:12Þ

And when the needle tip is in the airspace by

ψ =Pt +dw: ð12:9:13Þ

InbothcasesweassumeagaugetransducersothatPt is the
difference between the absolute and atmospheric pressure.

Note that when the tensiometer contains a large volume
of air, the water potential indicated may lag that of the true
potential in the soil by several days.

12.9.4 Pressure transducer tensiometers

Reading of these is themost straightforward and least prone
to error, requiring merely that a known voltage be applied
across the strain gauge bridge and the out-of-balance volt-
age across the bridge in the other direction be measured.
Moreover, this arrangement is very suitable for automatic
recording of the tensiometer readings. Many environmen-
tal data loggers can provide an excitation voltage and also
record the ratio of output to excitation voltage, thus remov-
ing the influence of excitation voltage fluctuations.

The frequency of recording tensiometer data is a matter
for experience, the objectives of the monitoring and site
conditions. Shallow tensiometers react rapidly to rainfall
or irrigation events, while deeper ones usually do so less
quickly, especially during dry periods. With a programma-
ble data logger, the frequency of data collection can be var-
ied by both position and environmental conditions.
However, this introduces considerable extra complexity
into the data analysis, and it may be better to collect fre-
quent data for all instruments, even though much of it
may be redundant. This also gives an insurance against
unexpectedly rapid water potential changes. Modern data
loggers can store large amounts of data and so this strategy
is perfectly feasible, although it produces large data files!
A recording interval of 15minutes is suitable inmany cases
to capture the most rapid events.

12.10 Tensiometer Maintenance

Most soil water monitoring instruments need very little
maintenance. This is not, however, the case with tensi-
ometers, especially under dry conditions. The main

Fig. 12.28 Possible configurations for measurement of
pressure inside a puncture tensiometer. (a) Needle beneath the
water surface records the hydraulic potential referenced to the
height of the needle end. (b)Needle end above thewater surface
records the pressure in the airspace, which is the hydraulic
potential referenced to the height of the water surface.
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requirement is to remove air which collects by diffusion
into the tensiometer and coming out of solution as the
potential falls. In most tensiometer types, the presence of
air is easily monitored by inspecting the air trap. The ten-
siometer can be topped up with de-aired water in the same
way as described in Section 12.7.3.

Apart from routine refilling, faults occur occasionally
leading to a leakage in the tensiometer. The fault may be
a cracked porous cup or an adhesive joint or seal having
failed. It is usually best to investigate the above-ground
parts of the instrument first as this causes least disruption.
More details of fault finding and rectification are contained
in Section 12.9.1.

The othermost likely problem iswater leaking down the
side of the tensiometer, for instance down a gap along the
body tube or a poor seal between the tensiometer and sleev-
ing tube. Regular inspection at the same time as readings
are made or a logger downloaded should mean that incipi-
ent problems are detected before they affect the validity of
readings.

Tensiometers become unreliable below about −8.5m
water potential. No amount of refilling will make them
operate reliably when the surrounding soil is at a potential
significantly below this and a great deal of effort can be
expended in futile attempts to keep them operating under
such conditions. An understanding of the principles of oper-
ation can help to form a judgement when to abandon their
use and –more importantly – to restart readings once a dry
period ends. It can take several weeks in some instances
after a wet period starts for the soil at more than 1m depth
to wet up sufficiently to permit tensiometer operation.

12.10.1 Mercury manometer tensiometers

Under modest (≿ −5m water) hydraulic potential condi-
tions, mercury manometer tensiometers require little rou-
tine maintenance, provided that the water inside was
thoroughly de-aired before use. As long as the mercury
column is intact, there are only very small air bubbles in
themanometer and connecting tubes and that there is little
or no air collected in the air trap, no attention is necessary.
Under such conditions, the tensiometers can often operate
for several weeks without attention.

At lower hydraulic potentials, large air bubbles collect in
the air trap and themanometer and connecting tubes, and it
becomes increasingly difficult to maintain an intact mer-
cury column.

Tomaintain reliable operation, the tensiometermust be
refilledwithwater and air flushed out of the connecting and
manometer tubes, an operation usually known as ‘purging’.
De-aired water must be used. The first part of the operation
is to remove the sealing bung and the bung on top of the ten-
siometer (Fig. 12.13) and to refill the air trap to the top. The
connecting tube should not be removed unless it is sus-
pected that mercury has collected in the mercury trap,
when it may be desirable to collect this mercury and to
refill the mercury trap with water. The bung is carefully

replaced on the air trap, taking care that no air is trapped
beneath the bung and that there are no blades of grass or
other extraneous objects caught between the bung and air
trap. The filling hole is topped up with water and then
de-aired water injected into the filling hole from a syringe,
forcing water through the connecting tube, the manometer
tube and the mercury reservoir. The filling hole is refilled
with water and the sealing bung replaced, ensuring that
the entire system is full of water and that all air has been
removed.

If they are well protected from direct sunlight, rubber
(particularly synthetic rubber) bungs can last a long time,
but eventually they perish and need replacing. More fre-
quently, usually after 2 or 3 years, the nylon tubing will
need to replaced, as it becomes opaque and brittle. Exposure
to bright sunlight accelerates this process, which is one rea-
sonwhy radiation shielding is so important, the other being
to reduce thermal effects on the readings. The nylon will be
contaminated by mercury and so must be disposed of
carefully.

Also, over time, the mercury becomes contaminated
with plasticizer from the nylon and other impurities.
Replacement with clean mercury at the same time as the
nylon tubing is replaced is recommended. Mercury can
be cleaned in the laboratory, but handling it under confined
conditions requires a very great deal of care. It is usually
more cost-effective to send it back to a supplier who is able
to deal with it safely and buy new mercury from the same
source. This is not usually expensive.

Freezing of this type of tensiometer rarely causes a prob-
lem, aside from making the instrument unusable until it
thaws. Ice forming in the air trap will either push water
through the connecting tube or force off the rubber bung
from the top of the tensiometer. On rare occasions, the
air trap or connecting tubemay split and need replacement.

12.10.2 Bourdon gauge tensiometers and those with
pressure transducers mounted at the top

Other than routine refilling, ensuring that seals are intact
and that there are no gaps to allow water to bypass the soil
around the tensiometer body, this type of tensiometer
requires very little maintenance.

Freezing, however, will damage the Bourdon gauge or
pressure transducer through excess pressure generated
and, in the case of the Bourdon gauge, freezing of the water
inside the Bourdon tube. These types of tensiometer should
therefore be taken out of commission during periods of cold
weather.

12.10.3 Tensiometers with pressure transducer
close to the ceramic cup

Apart from routine purging, as described for first filling after
installation in Section 12.7.5, and checking for possible
bypass paths around the body tube, the only likely mainte-
nance required is likely to be replacement of the flexible
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tube connecting the two purging tubes. This should be of
the same specification as the original tube, as it has been
selected to have a low permeability to air.

Those tensiometers that are not capable of being purged
in situ must be removed, refilled and replaced if necessary.

Tensiometers with underground pressure transducers
cannot be monitored easily for air collecting inside them.
The purgeable type is easily flushed and so it is recom-
mended to be done whenever the site is visited when the
indicated potential is or has been lower than −4m water.
For the non-purgeable type, judgement and experience
must be exercised. Keeping an eye on the evolution of water
potential should provide a guide as air collecting will slow
the tensiometer response and it may well reach a level,
below which it appears not to fall, as air fills the entire vol-
ume. Usually, the indicated potential rises slowly beyond
this point, a sure sign of attention being required.

The German manufacturer, UMS, make tensiometers
containing an infrared sensor, which can detect air bubbles
inside the instrument.

12.10.4 Frost protection

The only parts of a tensiometer that usually suffer frost
damage are above-ground sensors such as Bourdon gauges
(Section 12.5.2) or pressure transducers (Section 12.5.4).
The Bourdon tube is particularly vulnerable and the pres-
sures generated may strain a pressure transducer dia-
phragm. Below-ground parts are usually unaffected
because the water inside the tensiometer freezes from the
top downwards and so water is pushed out of the cup by
expansion of the water near the surface as it freezes.

Apart from possible damage, the main problem is loss of
data.With below-ground pressure transducers, this is likely
to be a transient occurrence when the soil freezes around
the tensiometer depth. Mercury manometer tensiometers,
however, are unable to operate when the water in the
above-ground parts is frozen. Ice may, additionally, push
rubber bungs out of the top of a tensiometer. Even when
frost occurs only ephemerally, this can cause considerable
loss of data over the winter.

Three solutions have been proposed:
1 Strebel (1970) useda light immiscibleorganic liquid in the
tensiometer, which floated above the water in the tensi-
ometer body. This protects the parts down to the interface
with thewater from frost.A correction is needed for theden-
sity of the liquid, and it is important to know the location of
the interface. The organic liquid expands more than water
with temperature and so there is probablymore disturbance
to the reading from this cause in warmer weather. Some
plastics may not be compatible with the organic liquid.
2 Wendt et al. (1978) filled tensiometers with a 30%
mixture of methanol in water. This gave protection to
about −18.8�C and enabled operation throughout the win-
ter. They found differences of typically 100–200mm and
up to 300mm water pressure between the methanol and
water tensiometers. They did not detect any deleterious

effects to either the tensiometer parts or a winter wheat
crop. Gorden and Veneman (1995) did a more systematic
investigation using several different mixtures of up to
50% methanol. They reported no problems and no differ-
ences in reading against water tensiometers but suggested
that microbial growth near the tensiometer cup could be
promoted by the methanol. The lower surface tension of
themethanol solutionmay be expected to reduce the acces-
sible range of matric potential as a result of lowering the
bubbling pressure of the cup.
3 Iwata and Hirota (2005) used insulated and heated tensi-
ometers to monitor water potential over a winter. They
were able to observe water flow towards the frozen soil
beneath a snow pack.

12.11 Quality Control of Tensiometer Readings

As may be deduced from the foregoing, operation of tensi-
ometers is fraught with difficulty, particularly where the
pressure sensor is above ground level and at low water
potentials. Thermal effects, leaks, frost, mercury column
breaks, air collection and slow response times frequently
lead to there being a serious discrepancy between the indi-
cated potential and that in the soil surrounding the porous
cup. Tensiometers with a pressure transducer close to the
ceramic cup, particularly those that can be purged in situ,
present fewest problems.

The most efficient way to examine the data and to
remove spurious readings is by graphical display. Three dif-
ferent ways to look at the data have been found to be partic-
ularly effective: examination by time series, by depth and
by comparison with other readings taken at the same time,
principally those from other tensiometers and water
content measurements at the same depth nearby.

12.11.1 Time series

Figure 12.29 shows a series of data taken from mercury
manometer tensiometers at several depths at a site in
Southern England. Comparing the behaviour of tensi-
ometers at several depths as well as with simultaneous
water content values eases identification of suspicious
readings.

12.11.2 Depth profiles

Figure 12.30 shows some examples of profiles of hydraulic
potential recorded from the same site as in Fig. 12.29.
Cross-referencing to time series readings (Fig. 12.29) aids
in judgement of whether readings are reliable.

12.12 Deep Water Potential Measurements

Any pressure sensor located at or above the ground surface
is, apart from its vulnerability to thermal effects, freezing,
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animals andvandalism, limited in the rangeofmatric poten-
tial that it can record by the long column of water between
the porous cup and the pressure sensor. Amercurymanom-
eter tensiometer at 3m depth will typically have 1.5m or
more of tubing above ground. This will limit the theoretical
minimum matric potential that can be recorded from

approximately −10mwater to −(10 − 3 − 1.5) = −5.5m.With
a pressure transducer or Bourdon gauge located close to the
ground surface, this is only slightly less restrictive.
A pressure transducer located close to the porous cup has
less limitation, restricting the minimum observable matric
potential by only the distance between the porous cup and
the sensor, usually only a few centimetres.

Three approaches have been used to overcome the diffi-
culties in obtainingwater potentialmeasurements at depth.

12.12.1 Observation from a pit

A pit (shaft or caisson) dug in the ground allows the instal-
lation of sensors through its wall into the soil and a sensor
to be housed inside the pit. The tensiometer is normally
installed sloping downwards at a shallow (around 5�) angle
to allow air bubbles to collect at the end accessible from the
pit. The installation method is suitable for tensiometers
employing water and mercury manometers, Bourdon
gauges and pressure transducers as well as puncture tensi-
ometers. The arrangement is shown schematically in
Fig. 12.31.

In principle, there is no limit to the depth at which ten-
siometers can be installed by this means. However, the

Fig. 12.29 Example of time series of twice-weekly readings of mercury manometer tensiometers at several depths at a woodland site in
Southern England. Readings removed as being unreliable at the time of reading are indicated by open circles. The corresponding water
content neutron probe readings are shown in the lower graph. Rising potentials after day 192 are not consistent with falling water content,
suggesting that these readings are suspect and the tensiometers were failing.

Fig. 12.30 Example of sequential potential profiles measured
by mercury manometer tensiometers from the same site as in
Fig. 12.29 during midsummer. The 0.4-m tensiometer was not
working at this time. Readings removed as being unreliable at the
time of reading are indicated by open circles.
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engineering requirements are such that for depths greater
than about 6m, it is uneconomic to undertake the neces-
sary works unless access to the profile is required for other
purposes as well. It is very important that a roof be provided
over the pit to keep out rainwater and the sun, which may
dry the soil face. Rainwater should be led well away from
the vicinity of the pit to ensure that the readings are not dis-
turbed and the exposed soil surfaces, particularly that
through which the tensiometers are inserted, covered to
minimise evaporation. The pit should be sited so that rain-
water does not run down this face.

Deeper installations bring with them a number of safety
considerations:
• It is usually necessary to support the sides of the excava-
tion. The deeper the pit, the more important and the more
elaborate this will be. In many cases, wooden planks
against the face of the soil held in place by a sturdy wooden
framework are suitable, although regular inspection is
needed to ensure that the wood is not weakened by rot or
wood-boring insects. Covering the walls of the pit has the
added advantage of suppressing evaporation from them.

• In some cases, harmful gas (e.g. methane or carbon diox-
ide) may collect in the bottom of the hole. Gasmonitors are
available to ensure operator safety.
• Precautions are needed to ensure that people or animals
do not fall into the excavation and that the means of access
into the hole are safe.

Even with the precautions described above, there will
almost certainly be some disturbance to hydraulic condi-
tions close to the pit wall and so tensiometers should be
inserted at least 1m into the soil. A simple jig can be con-
structed to ensure that the pilot holes for the tensiometers
are bored at the correct angle. Even so, there will be some
uncertainty about the exact depth of the porous cups, espe-
cially if making a clean hole in the soil is difficult.

12.12.2 Portable tensiometers in separate boreholes

Strebel et al. (1973) andHubbell and Sisson (1996) described
the use of a portable tensiometer that was put into the
bottom of a series of boreholes of different depth, allowed
to equilibrate with the formation and then read. These

Fig. 12.31 Arrangements for installation of tensiometers from the side of a pit in the ground. (a) Suggested arrangement for puncture
tensiometers similar to that used by Wierenga et al. (1991). (b) Bourdon gauge or pressure transducer arrangement. Note the sensor at
the bottom to allow air to escape. (c) Mercury manometer arrangement similar to that described by Cooper (1979). In practice, the
manometer board may conveniently be mounted on the support structure on the face of the pit.
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tensiometers may take advantage of boreholes drilled for
other purposes. Both sets of workers used a tensiometer
with attached pressure transducer mounted close to the
cup. A cable was connected to a reader on the ground sur-
face to monitor the approach to a steady reading. Strebel
et al. (1973) reported that this took between 15 minutes
and 2 1/2 hours. Hubbell and Sisson (1996) found that
40 hours were required in some cases.

Hubbell and Sisson (1996) also described a tensiometer
consisting of only a porous cup, body tube and air trap
closed by a rubber septum, similar to that depicted in
Fig. 12.12. This could be lowered down a borehole on a cord,
left to equilibrate and then removed from the ground and a
reading made immediately with a puncture tensiometer
reader. Hubbell and Sisson (1996) found that retrieval over
9minutes caused a change of less than 50mmwater head in
the reading. The advantage of this device is that the parts of
the tensiometer are all very cheap, which is an advantage
when working on engineering sites where delicate instru-
ments may be damaged easily.

Unless the tensiometer is located close to a water table
that fluctuates rapidly, it is probable that variation of water
potential at depths ofmore than a fewmetres takes place on
a timescale of days or weeks, rather than minutes or hours,
so that infrequent measurements and long equilibration
times are not a disadvantage if other tasks can be performed
while waiting for the tensiometer to reach a stable reading.

Hubbell and Sisson (1996) pointed out that the tensi-
ometer cup is likely to have only a small surface area in con-
tact with the formation, which slows its response.

Multiple depths could be monitored with one of these
types of tensiometer from a single large-diameter borehole
by using smaller diameter pipes terminating in repacked
material at different depths in a similar manner to that
described in the next section.

12.12.3 Semi-permanent tensiometers capable
of being serviced in situ

For long-term monitoring and for those sites where water
potential changes rapidly even at great depth, permanently
or semi-permanently installed tensiometers may be the
only answer. Where water tables fluctuate rapidly, perched
water tables may form or bypass flow is important, such
installations can reveal behaviour, which may be com-
pletely unsuspected if onlyweekly ormore infrequentmea-
surements are made. Tensiometers act as piezometers if
they are below the water table, provided that the sensor
and logging arrangements are set up to record positive
pressures.

Arrangements for servicing of tensiometers at depths in
excess of 6m below ground, which is close to the practical
limit for more conventional purgeable tensiometers, are a
challenge, but two solutions have been adopted by different
research groups. If matric potential is not expected to go
below about −4m water head, which is often the case in
temperate and humid climates, then a sealed tensiometer,

filled with carefully de-aired water, may operate without
problems for several years. However, the lower the poten-
tial falls, the more often that refilling becomes necessary.
Removal and replacement of tensiometers at depths in
excess of 10m is a significant undertaking and the attrac-
tiveness of a solution that does not require frequent
removal of the instruments increases.

The ‘advanced tensiometer’
Hubbell and Sisson (1998) devised an ‘advanced tensi-
ometer’, shown in Fig. 12.9c and described briefly in
Section 12.5.4, which can be refilled from a water reservoir
around the transducer by raising the transducer from its seat-
ing. The solution is ingenious and appears to work well. The
depth limitation is not known, but Hubbell et al. (2004)
reported that they had been installed successfully at a depth
of 145m. The principal limitation is, presumably, the
increasing weight of the support for the transducer as it gets
longer. The water in the reservoir may be present for
extended periods and sowill have an opportunity to dissolve
a significant amount of air, although a simple adaptation
could probably be devised to drain it before replenishment
with de-aired water, albeit that the water will be released
into the matrix surrounding the tensiometer cup, which
may then need a few days for the tensiometer to recover.

Installation of the advanced tensiometer should, ideally,
be into a snugly fitting hole at the bottom of a borehole.
This is difficult, if not impossible, to achieve at depth
and so the best solution is probably to use sieved native
material from the appropriate depth (or failing that, silica
flour or other fine material that will ensure good hydraulic
contact with the surrounding formation) tamped down
around the cup after placing it resting on the bottom of
the hole. In some cases, it may be more desirable to use a
slurry of thematerial, introduced to the bottom of the bore-
hole via a tremmy pipe. McElroy and Hubbell (2004) and
Hubbell et al. (2004) found that the tensiometer equili-
brated much faster with its surroundings when using a
slurry than when dry material was used to embed the
tensiometer.

The advanced tensiometer requires embedding in the
formation at the bottom of a borehole. However, a large-
diameter borehole may be used to accommodate several
tensiometers as shown in Fig. 12.32 The formation must
be sufficiently competent to stand up for a fewhours or days
between drilling the hole and installation of the tensi-
ometers. A borehole casing should be installed to finish
above the depth of the shallowest tensiometer. Each tensi-
ometer is installed inside its own sleeving tube and
embedded in sieved and repacked material from the forma-
tion (or, if this is not possible, in material no coarser than
that of the formation). Most of the space between the ten-
siometers is filled with this samematerial, but there should
also be a 200-mm thick layer of bentonite or bentonite-rich
concrete to prevent preferential vertical movement of
water through the repacked soil. McElroy and Hubbell
(2004) used bentonite pellets to produce an isolating layer
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and, in some cases, incorporated thin layers of bentonite
pellets in the intervening fill in addition.

The ‘borehole tensiometer’
Cooper (1980) andWellings (1984a) described a tensiometer
that allowed multiple instruments to be installed inside an
open, unlined borehole. This version was not capable of
being serviced in situ but had to be removed, refilled and
reinstalled. A modified design was used by Rutter et al.
(2012), which could be purged without removal from the
ground. The essential features of this tensiometer are
shown in Fig. 12.33.

The tensiometer itself uses a conventional pressure
transducer mounted onto a hollow brass block and sealed
by an ‘O’-ring. One face of the block is open and has a
ceramic plate, with air entry value greater than 10m of
water, bonded to it to act as the porous barrier. De-aired
water is admitted to the space inside the block by a flexible

plastic pipe from the ground surface controlled by a sole-
noid-operated valve. The valve is normally closed but can
be opened by applying 12 V from a small battery at the sur-
face. A small diameter pipe runs vertically inside the block
from about 1mm below the transducer diaphragm and out
through the bottom of the brass block. Two small check
valves allow air and water to run out of the block from
its highest point but prevent any leakage back into the ten-
siometer. Two check valves are used in case one fails.

Connecting a reservoir of de-aired water to the supply
pipe and opening the solenoid valve purges the tensiometer.
Water runs into the lower part of the chamber and out from

Fig. 12.32 Arrangement for installation of several embedded
tensiometers in one borehole. (See insert for colour
representation of the figure.)

Ceramic plate

Transducer

Water supply

Solenoid
valve

One way valves

Fig. 12.33 Schematic diagram of a borehole tensiometer and jack.
Drawing by A. C. Warwick. © NERC (Centre for Ecology &
Hydrology). Reproduced with permission.
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the top through the check valves. Closing the solenoid
valve by removing the electrical supply seals the system.

The tensiometer is mounted on a sectional aluminium
pole via a small screw jack, which is welded to the pole
on one side and screwed to the tensiometer on the other.
An operating rod, which extends to the surface, is fixed
to the upper end of the jack’s screw allowing it to be oper-
ated from the ground. Several (up to about 12) tensiometers
may be mounted at different places on the support pole,
limited by the space for control rods and cables.

It is possible to handle a section ofmast up to about 5mat
a time. Sections are joinedusing a socketwelded to theupper
end of themast and a pin to secure the two sections together
held in place by a hose clip. Sections of operating rod are
made from 12-mm diameter aluminium tube and joined
by plastic ferrules secured by self-tapping screws. The cables
and plastic supply pipes are in one continuous length.

A steel frame is used to suspend the mast during and
after installation. It also acts as a reference level for the
assembly. The frame is supported by the top of the borehole
casing and has a slot, which allows the mast to fit into it,
while the weight of the assembly is borne by the socket
of the topmost section.

Installation of the system is by retracting all jacks,
mounting the tensiometers onto them and lowering the
mast into the borehole, section by section. The lowestmast
section has a rope firmly attached to lower the assembly
and as a precaution against losing it down the borehole.
Mast and operating rod sections are joined together, keep-
ing a careful note of which operating rod is attached
to which tensiometer. When all tensiometers are at the
desired location, the rope is tied off, and each tensiometer
in turn is screwed out on its jack until the ceramic plate is
pressed firmly against the borehole wall. Two or three jacks
are usually sufficient to support the weight of the entire
assembly. The number of turns of the operating rod until
each tensiometer is pressed against the wall should be
recorded, so that on removal, operators know when a jack
is fully retracted. The operating rod should be turned suffi-
ciently to ensure good contact with the formation, but
excessive force risks breaking the ceramic plate. A cap is
placed on the borehole and locked into position.

By this means, measurements of water potential have
beenmade at a number of sites, mainly in chalk formations,
to a depth of more than 60m. By adjusting the length and
arrangement of the arms of the jack, different sizes of bore-
hole diameter can be accommodated, with 150mm being
about the smallest. The hollow pole allows for a water level
monitor to be lowered to measure water table depth and/or
for a neutron probe to be used to measure water content
changes. Additionally, other sensors (e.g. gypsum blocks
(Wellings, 1984a), temperature or electrical conductivity
sensors) may be attached to the brass housing.

As described, the borehole tensiometer requires a com-
petent formation, which does not collapse into the bore-
hole. A steel casing is usually used to support the upper
part of the borehole and tensiometers used only below this.

Where there is a risk of collapse in the depth range where
potential measurements are required, the tensiometers
aremounted on the inside of a plastic borehole casing.Win-
dows cut in the side of the casing opposite the tensiometers
allow the porous tensiometer face to contact the borehole
wall when it is jacked out.

Deep water potential measurements under
arable cultivation
Ploughing, planting, spraying and harvesting operations are
a challenge for any soil observation programme requiring
sensors permanently or semi-permanently installed in the
ground. Ireson et al. (2006) overcame the problem for
instruments inside a borehole by using borehole casing,
which terminated in a flange 300mm below ground sur-
face, comfortably below plough depth. A section of similar
casing, 300mm long, with a flange at each end, could be
bolted to this, extending the casing to ground level. For
ploughing and planting operations, this upper section was
removed and a steel cap bolted to the lower flange. After
planting, the borehole was located by surveying methods,
although careful measurement or a metal detector may
work equally well, a hole dug to the top of the casing and
the upper casing section fitted onto it. With the steel cap
at or just below ground level, all farming operations includ-
ing harvesting could be undertaken without disturbance or
damage to either borehole or machinery until ploughing
was next due. If a sufficiently low-power logger is available
that fits inside the borehole, no interruption to data acqui-
sition need occur while the borehole casing is capped off
below ground level, although no servicing of the tensi-
ometers is possible. Although there is considerable local
disturbance to the soil and crop around the borehole, this
is of little consequence as the system is designed for mea-
surements only at depths greater than 3m.

Appendix 12.A Pressure Transducers

A pressure transducer is a device that converts pressure var-
iations into electrical signals. There are many different
types, all with different advantages and disadvantages.
Themeasurement of water pressure inside a tensiometer is
not a particularly challenging application, and hence cheap
transducers are quite adequate. The main limitation is that
good accuracy needs to be maintained over a range from
close to zero (or sometimes positive) to approaching
−10m water. This requires good linearity (i.e. the response
should be very close to a straight line relationship between
pressure and output) and very low hysteresis.

The most common type of transducer has a thin dia-
phragm, which distorts as the pressure across it changes,
as shown in Fig. 12.34. The diaphragm may be made of
nickel, stainless steel, silicon or ceramic. The small move-
ment of the diaphragm is detected by a strain gauge. This is
a device that changes its electrical resistance according to
the movement or strain of the diaphragm. It may be
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coupled mechanically to the diaphragm, bonded to it or
form part of the diaphragm itself. The most common forms
in use for tensiometers have silicon diaphragms with resis-
tors diffused into them. These change their resistance as
the diaphragm distorts by the piezoresistive effect. Usually,
there are four resistors, normally of a few kohm value,
arranged such that two increase their resistance and two
decrease it with movement of the diaphragm. They are
wired together in a bridge arrangement, as shown in
Fig. 12.35, with opposite sides of the bridge changing in
the same direction. A voltage, Vs, of usually a few volts is
applied across two opposite corners of the bridge, and the
voltage, Vout, measured across the other two corners is
the signal. In the ideal case, the resistors have values such
that there is no output voltage when there is no distortion
of the diaphragm. This is the situation in the well-known
Wheatstone bridge, where the output voltage is zero when

R1

R4
=
R2

R3
: ð12:A:1Þ

In the simplest case, all four resistors are of equal value,
R. If, on application of pressure, the distortion of the
diaphragm causes R1 and R3 to increase by an amount ΔR
andR2 andR4 to decrease by the same amount, then the sit-
uation will be as shown in Fig. 12.35b. The current in each
arm of the bridge, I, is

I =
Vs

2R
; ð12:A:2Þ

and so the voltage at point A will be

VA =Vs−
Vs

2R
R+ΔRð Þ; ð12:A:3Þ

and that at point B is

VB =Vs−
Vs

2R
R−ΔRð Þ: ð12:A:4Þ

So the output voltage, Vout, is

Vout =VB−VA =
ΔR
R

Vs: ð12:A:5Þ

The output voltage, therefore, is proportional to the frac-
tional change in resistance of each arm of the bridge.

So if the diaphragm distorts by an amount proportional
to the pressure difference across it and the resistance of the
arms of the bridge change proportional to the strain of the
diaphragm, then the bridge output voltage will be propor-
tional to the applied pressure. Provided that the strain of
the diaphragm is small compared with its size and the
change in resistance of the bridge resistors is small com-
paredwith their value, this will usually be the case to a very
good approximation.

In the ideal case, a bridge circuit is inherently insensitive
to temperature changes, as we expect the temperature coef-
ficient of all the resistors to be the same, so that the ratios
will be unaltered.

In practice, there will always be some difference in the
values of the bridge resistors, and the temperature coeffi-
cients may not be quite identical. Commercially available
transducers usually incorporate some additional resistors
to ensure that the bridge is balanced when there is no pres-
sure difference across the diaphragm and to compensate for
any residual temperature sensitivity.

Transducers commonly found in tensiometers are avail-
able with three kinds of output:
1 Millivolt output. This is the simplest and results in the
cheapest transducers. The transducer output is the output
from the strain gauge bridge, possibly modified slightly by
resistors incorporated to balance the bridge and provide
temperature compensation. This type of transducer is typ-
ically energised by a source voltage of 10 V, and the output
at the maximum design pressure is 100mV (1% of the sup-
ply voltage).
Because the bridge circuit is simply a set of resistors, the
output is directly proportional to the supply voltage. These
transducers can, therefore, be operated from awide range of
supply voltages, and if the output voltage is divided by that
of the supply, the same result will be obtained. For this rea-
son, the output from this kind of transducer is often quoted
as millivolt per volt (i.e. the number of millivolts output at

Fig. 12.34 Distortion of pressure transducer diaphragm by
a pressure difference.

Fig. 12.35 Schematic bridge circuit. Vout is zero when R1/R4 =R2/
R3 in (a). (b) Shows the arrangement in a strain gauge where
opposite arms of the bridge change in the same direction.
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the full range of the transducer divided by the supply in
volts. In the example given previously, the output would
be 10mVV−1 (100mV divided by 10 V). It is, of course, wise
not to exceed the manufacturer’s recommendedmaximum
supply voltage.

Although simple and economic, there are several draw-
backs to the use of simple resistance bridges, which can,
with care in design, installation and operation, be
overcome.

• Fluctuations in supply voltage will reflect proportion-
ally in the output of the transducer. A 5% change in the
supply voltage will cause a 5% change in the transducer
output and therefore produce a 5% error in the pressure
measurement. Some data loggers can provide a standard
voltage output and automatically register readings in
millivolt per volt. If this is not the case, or if manual read-
ings are being made, the supply voltage must be meas-
ured at the same time as the output.
• Long cable lengths reduce both the supply voltage as
seen at the bridge terminals and the output voltage at
the measuring point. This is because there is always
some current flow necessary both to supply the device
and in the measuring circuit. If each bridge arm is
2 kΩ, the bridge as a whole presents a resistance to the
supply of 2 kΩ, and if the supply voltage is 10 V, the cur-
rent drawn through the supply cables will be 5mA. If the
resistance of the cable is 5Ω, the voltage drop in the cable
is 25mV and so the voltage at the terminals of the bridge
will be 9.975 V. This is not serious but would correspond
to 250-mm water pressure at the theoretical limit of the
tensiometer.
In the same way that the input impedance of the trans-
ducer is equal to the value of the bridge resistors, the out-
put impedance is also equal to the same value, that is,
2 kΩ in our example. A typical input impedance of a data
logger would be 10MΩ. An additional 5Ω of resistance in
this circuit would represent a negligible reduction
in voltage at the logger terminals. The 2 kΩ output
impedance would also create a very small reduction
(~0.02%) in voltage measured at the logger. By making
the resistors non-equal, but preserving the ratios given
by Equation 12.A.1, the input and output impedance of
the bridge can also be made non-equal.
• A more serious problem is likely to be caused by stray
resistances across the connections in the system. The
most likely source of these is damp, which can cause par-
tial shorting of thebridge resistors. Thismaybe across the
logger terminals, at various cable connection points or
inside the transducer.The sourceof thedampmaybecon-
densation, rainwater or from contact with the ground.

As an example, a stray 1MΩ pathway across one of the
bridge resistors, sayR1 in Fig. 12.35, will reduce its resist-
ance by 4Ω and reduce the output voltage by Vs/2000 or
0.5mV V−1. Since the full-scale output of the transducer
is only in the region of 10mV V−1, this represents 5% of
the full range, which is usually 10m water. That is, the
error is 0.5m water equivalent to a pressure of 50 hPa.

Damp problems usually vary considerably over time,
dependent on atmospheric humidity, temperature and
contamination by solutes. This illustration highlights
the necessity for rigorous attention to making sure that
there are a minimum number of electrical connections,
that all connections that exist are completely watertight
and that drying agents (e.g. silica gel) andhumidity indica-
tors are used to ensure that any residual humidity in the
system is removed and monitored.

2 Voltage output. This type of transducer incorporates an
amplifier to boost the output voltage. Because the amplifier
is very close to the bridge resistors, the electrical connec-
tions can be sealed from the external environment. The
amplifier also has a much lower output impedance than
the resistor bridge, making the device even more resistant
to damp and other problems. The penalty for this robust-
ness is in additional cost and power consumption.
3 Current output. Where long cable runs and difficult envi-
ronmental conditions are encountered, the answer inmany
industrial applications is to use transducers that give an
output of electrical current in the range of 4–20mA. These
are extremely insensitive to poor connections, but there is a
large penalty in cost (partly because of rugged construction)
and power consumption. The housings are often large,
making use in many environmental field applications
impractical. For these reasons, most environmental scien-
tists use either millivolt or voltage output transducers.

As well as a choice of the kind of output, there are three
principalmechanical constructions of transducer available:
• Gauge transducers measure the pressure relative to local
atmospheric pressure. To do this, they must have a vent to
transmit the atmospheric pressure to the back of the trans-
ducer diaphragm. This may be a separate tube, usually
strapped to the electrical connection cable, a tube incorpo-
rated into the cable sheath or may simply make use of the
cable sheath itself as a pathway for air from the transducer
to the outside. Because of the need to ensure that there is no
potential for damp ingress into the electrical connections,
there needs to be a clear, dry path for the atmosphere to
communicate with the rear of the diaphragm. For this rea-
son, it is recommended that only transducers using a
separate vent tube, whether incorporated into the cable
or outside it, are used. An occasional problem attending
this type of transducer is blockage of the vent pipe, usually
by a kink where the cable bends at a tight angle.
Gauge transducers are available with a pressure port (see-
Fig. 12.34) to connect the instrument to the fluid whose
pressure is to be measured or, sometimes, with a flush
diaphragm, which is preferred for tensiometer use, as it is
possible, by careful design, to remove all air from the instru-
ment during purging.
• Differential transducers are similar to gauge transducers
but are made to measure the difference in pressure between
twofluids.Theyusuallyincorporateanadditionalport tocon-
nect the second fluid on the other side of the diaphragm from
the first one. Differential transducers can be used as gauge
instruments by connecting a vent pipe to the second port.
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• Absolute transducers, as the name suggests, measure the
absolute pressure of the fluid on one side of the diaphragm.
The other side is a small, evacuated and sealed chamber so
that the instrument always measures the pressure relative
to a vacuum. In almost all cases, we are interested in know-
ing the matric potential relative to the local atmospheric
pressure. To use such transducers in a tensiometer, there-
fore, the local atmospheric pressure must be monitored.
This requires an extra absolute transducer to be monitored
and extra calculations to convert the readings to gauge
referenced. This can introduce a small amount of extra
uncertainty into the measurements. Fortunately, one such
reference transducer can be used for many tensiometers.
Spatial variations of air pressure are usually such that
provided that all tensiometers are within about 1 km of
the reference transducer, there is negligible difference in
atmospheric pressure from place to place.
Sealing the side of the diaphragm that has the strain gauge
attachedmeans that there is no risk of moisture or contam-
ination in this part of the system and no need to provide a
vent. Precautions against moisture ingress to connections
along the cable or at the logger, however, are still vital.

Absolute transducers may have a pressure port or flush
diaphragm.
• A means whereby one pressure transducer could be con-
nected sequentially to several tensiometers has been used
by several groups (e.g. Rice, 1975; Blackwell & Elsworth,
1980). The setup used a multi-port valve (known commer-
cially as a Scanivalve) arranged similarly to a rotary electri-
cal switch. It was capable of being moved automatically
from one position to the next using a stepper motor, stop-
ping for a few minutes at each position to allow pressure
equilibration. The complexity of the system and the avail-
ability of cheap pressure transducers and multichannel
field data loggers mean that it is now more economical to
use a separate transducer for each tensiometer.

Appendix 12.B De-aired Water

Tensiometers require de-aired water for their operation. If a
large number of them are being used, several litres may be
needed, particularly when first filling them. In hard water
areas, a scale of calcium carbonate is likely to form inside
the tensiometer, which may affect seals and so hard water
should be avoided in favour of deionised or distilled water.
Most laboratories have a supply of deionised water at low
cost. In most other cases, tap, stream or borehole water is
quite suitable.

12.B.1 Boiling

The simplest way to produce de-aired water is to boil it for
several minutes. After boiling, it must be cooled out of con-
tact with the air until it reaches room temperature. Most
laboratory glassware is unsuitable as it is not designed for
vacuum use. Boiled water in a sealed container develops

a considerable vacuum. Buchner flasks are suitable and
have a sidearm, which can be sealed off with a flexible rub-
ber or plastic tube and a clamp or tap. The water may be
boiled in the flask, eliminating any problemof air becoming
entrained during transfer. These flasks are relatively expen-
sive and develop cracks around the bottom as a conse-
quence of repeated heating and cooling, necessitating
periodical replacement.

A convenientmethod for boiling and storing water is the
use of collapsible plastic storage containers as shown in
Fig. 12.36. Water is prepared by filling the bottle and using
a small immersible electric heater to boil the water. Care is
needed to prevent the heater contacting the plastic side of
the bottle and melting it or even causing a small fire! After
boiling for a few minutes, the bottle is sealed with a cap
while collapsing the bottle slightly to squeeze out all of
the air. Beware a risk of scalding during this process. Cool-
ing can be promoted by immersing the bottle(s) in a large
basin of cold water. The system can be refined by fixing a
flexible plastic tube to the cap of the bottle, which has a

Fig. 12.36 Collapsible plastic container for storing
de-aired water. A check valve is attached to the end of the
plastic tube to prevent air from being sucked into the bottle.

201Tensiometers

FOR REFERENCE PURPOSES ONLY



check valve inline. This makes squeezing the air out of the
bottle safer, allows the water to be partially emptied with-
out letting air in and can be attached directly to some ten-
siometers, without removal of the cap, thereby preventing
any contact with the air.

12.B.2 De-airing under vacuum

If pressure is reduced sufficiently, then water boils at room
temperature. It should come as no surprise, therefore, that
reducing thepressure also removes air fromthewater.Com-
mercial de-airing units are available from geotechnical
equipment suppliers. These consist of a sealedvessel tohold
the water, a vacuum pump and, usually, a spray nozzle to
introduce water into the vessel as shown in Fig. 12.37.
Injecting thewatervia the spraynozzle increases the surface
area and rate of transfer of dissolved air to its surroundings.

12.B.3 De-airing small quantities of water

If only a small quantity of water is required, use can be
made of the fact that reducing pressure will cause air to
come out of solution. By pulling on the plunger of a syringe,
about half full of water, with a closed tap fitted to its outlet,
a vacuumcan be created effectively. Doing this two or three
times produces a small quantity of de-aired water suitable
for purging one or two tensiometers, without requiring
other special equipment.

12.B.4 Membrane contactors

Some types of plastic membrane are permeable to gases but
not to liquidwater. A vacuumon one side of themembrane,

withwater on the other side will, therefore, extract air from
the water (along with water vapour). To do this, the mem-
brane must be hydrophobic, similar to that used in water-
proof garments described as ‘breathable’. The efficiency
of the process depends on mixing of the water, the surface
area of membrane in contact with the water and the perme-
ability of the membrane to gases. To maximise the surface
area, commercial equipment uses hollow fibres of hydro-
phobic material such as polypropylene, with a vacuum
applied inside the fibre and water flowing outside. More
details are given byWiessler (1996) andWiessler and Sodaro
(1996) and references therein. These contactors are capable
of reducing the air concentration in water to a few parts
per billion, well below that required for tensiometers.
The principal advantage is that it is a continuous process,
rather than a batch one, as is the case for the other
methods described.

Fig. 12.37 Schematic of a vacuum de-airing unit.
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13 Indirect Methods ofWater Potential
Measurement

13.1 Introduction

Indirect methods of measuring water potential rely on
measuring the water content of a material whose water
potential is in equilibrium with that of the soil. This meas-
urement of water content is usually in itself indirect, and
several differentmethods are used to provide thewater con-
tent estimate.

The methods therefore rely on two sets of relations:
1 The relationship between matric potential and the
water content of the material. The accuracy of this
part of the measurement is therefore subject to three
factors:

(i) The uniformity of the water content – potential rela-
tionship between different samples of the material,
(ii) The stability of this relationship over time, when
buried in the soil and
(iii) Hysteresis in this relationship, which means that
even if thematerial’s water content is known accurately,
the water potential is not a unique function of this
quantity;

2 The relationship between the water content of the mate-
rial and the property used to measure it. Three classes of
method are used to make this measurement – electrical
resistance, dielectric methods and heat dissipation. Electri-
cal resistance and (to a lesser extent) dielectric methods are
subject to uncertainties caused by variations in the solute
concentration of the soil water. Gypsum blocks are also
subject to chemical changes over time, which affects both
the water release characteristic and the electrical conduc-
tivity. The filter paper method does not rely on an indirect
measurement of water content.

Tensiometers are simple, capable of very good accu-
racy, at least above − 5mwater potential, and economical.
Indirect methods, which are inherently much less accu-
rate for the reasons just described, are therefore used
mainly for the lower potential ranges and where a single
sensor is required to cover the complete range of potential
at a site.

13.2 Resistance Block

Resistance blocks are, historically, the best established
type of indirect method for measurement of soil water
potential. They were also used as an indicator of soil water
content before the advent of neutron probes. Resistance
blocks are very much cheaper than most water content
sensors, however, and so they continue to be used in some
low-budget applications. The basic principle of operation
means that the primary measurement is of matric poten-
tial, and so its use for estimation of water content involves
yet another indirect relationship. If the hysteresis charac-
teristics of the block and soil, however, match approxi-
mately, then block measurements may be a reasonable
surrogate for water content, provided that a suitable cali-
bration curve is available.

13.2.1 Principles

The principle of measurement of a resistance block is quite
simple. A porous block is embedded in the soil and its water
content changes until it reaches equilibrium with the soil
matric potential. This change in water content changes
the electrical resistance of the block, and so a calibration
between block resistance and water potential can be estab-
lished. As mentioned earlier, this depends not only on the
block’s water content, but also on its solute concentration.
However, if the solution inside the block is saturated with
an electrolyte, the electrical conductivity of the solution is
relatively insensitive to the invasion of salts from the soil.
Gypsum (plaster of Paris) has been found to be very suitable
for this.

Blocks may be made simply by embedding two parallel
metal rods in a block of porous material, as shown in
Fig. 13.1a. This arrangement may, however, be subject to
influences outside the block and the reading is weighted
disproportionately to the region very close to the rods.
A better arrangement, therefore, is as shown in Fig. 13.1b,
where a coaxial arrangement confines the electric field
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better within the space between the electrodes. If the diam-
eter of the inner conductor is not too small, the distribution
of the electric field and, hence, the volume contributing to
the reading is reasonably uniform.

Application of a dc voltage to the resistance block elec-
trodes causes the positive and negative ions in the solution
to migrate in opposite directions, leading to a build-up of
charge on the electrodes, which opposes the voltage applied
to them. This process is known as polarisation. This results
in the current gradually falling, leading to an apparent
increase in resistance of the block. To counter this effect,
the voltage applied to the electrodes should be reversed
periodically by using an ac voltage of frequency around 1
kHz. Too high a current can cause bubbling inside the block
by electrolysis, so the applied voltage should be kept below
1V.

If several blocks are installed in the soil and they are all
energised at the same time, there will be an electrical con-
nection between them through the ground. This affects the
readings, and so they should be isolated from one another
during reading.

Resistance blocks are also temperature sensitive
because the electrical conductivity of the electrolyte solu-
tion varies with temperature and there is a smaller temper-
ature effect on the block’s soil water characteristic.

13.2.2 Gypsum blocks

Resistance blocks are usually based on gypsum (calcium
sulphate, also known as plaster of Paris). They were intro-
duced by Bouyoucos and Mick (1940), who discovered that
the saturated calcium environment buffered electrolytes in
the soil solution, reducing the sensitivity of the block’s elec-
trical resistance to variations in the soil solution.Numerous
improvements to the basic gypsum block have been made
over the years (e.g. Bouyoucos, 1953; Perrier & Marsh,
1958; Cannell & Asbell, 1964; Fourt & Hinson, 1970).

One of themajor problems is slow dissolution of the gyp-
sum in the soil solution, leading to changes in both the soil
water characteristic of the block and its electrical conduc-
tivity. This occurs much more rapidly in acid soils than
alkaline ones. Attempts to improve the stability of block
characteristics over time have met limited success. These

include embedding a nylon or glass fibre fabric matrix in
the block (Perrier &Marsh, 1958) andmixing inert material
with the gypsum powder (Scholl, 1978).

The soil water characteristic of the blocks can be
manipulated by using different size powder in their manu-
facture as well as changing the powder/water ratio. It fol-
lows that these parameters must be strictly controlled
during manufacture if consistency of performance is to be
maintained.

Under favourable conditions, with individually cali-
brated blocks, in a calcium-saturated environment and
within 2 years of installation, accuracy of matric potential
measurement is in the region of 10–20% in the range down
to about −50m water, becoming somewhat worse at lower
water potentials (Wellings & Bell, 1980; Wellings
et al., 1985).

Despite problems of relatively coarse sensitivity, hyster-
esis and stability over time, gypsum blocks remain one of
the most popular methods for monitoring water potential,
particularly where the matric potential falls below −5m
water and below. This can be attributed to their low pur-
chase cost, the ability to make them in the laboratory, ease
of installation and ease of reading using simple equipment.

13.2.3 Watermark

The Watermark sensor, manufactured by the Irrometer
Company in Riverside, California, is a development of
the gypsum block. The gypsum porous matrix is replaced
by a proprietary inert granular porous material in which
two concentric electrodes are embedded. The granules
are retained inside a hydrophilic fibre wrapping within a
perforated stainless steel casing. A gypsum wafer inside
the sensor buffers the soil solution. The quoted range of
the sensor is 0 to −239 kPa (0 to −24.3m water), although
Irmak andHaman (2001) found it to be insensitive tomatric
potential changes in the range 0 to −1m water. Electronics
within the sensor convert a dc applied voltage to ac and the
signal is converted back again to dc. Electronics within the
reader unit also apply temperature compensation. Solu-
tions are available to allow this compensation to be applied
when connected to many popular environmental data
loggers.

Fig. 13.1 Construction of gypsum resistance blocks. (a) Original design of Bouyoucos and Mick (1940) with parallel electrodes.
(b) Coaxial electrode design. (c) Photo of coaxial block.
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A wide range of calibration curves has been reported for
these sensors. These appear to depend, at least partly, on
the type of soil inwhich they are embedded. For this reason,
it is recommended that sensors be calibrated embedded in
the soil in which they will be used. In coarse soil, contact
with the sensor may be a problem, probably because of
the presence of the stainless steel casing and/or fibre
wrapping.

Watermark sensors are economical and available from
a large number of distributors worldwide. There is also a
choice between a simple resistance measurement (Model
200SS) and voltage output (Model 200SS-V), the latter
incorporating temperature compensation. Their dimen-
sions are 22mm diameter and 83mm long (sensing length
about 75mm). See Fig. 13.2.

13.3 Equitensiometer

The Equitensiometer, manufactured by Delta-T Devices in
England, also uses a proprietary granular porousmaterial as
the porous matrix, but its water content is measured by a
Theta Probe (see Section 8.8) whose electrodes are buried
in the porous material. No buffering is employed, as the
Theta Probe is much less sensitive to salinity effects than
electrical resistance.

Each Equitensiometer comes with an individual calibra-
tion. This is provided in the form of tabulated values and
a polynomial expression. Ireson et al. (2006) found that a
form similar to that used by van Genuchten (1980) to
describe the water retention curve provided a better fit

to the data. Since the Theta Probe provides a reading
approximately proportional to water content, this seems
reasonable. The van Genuchten relation is, in any case,
an empirical one, selected to have a flexible form, easily
manipulated mathematically and displaying the ‘S’ shape
usually observed in experimental data.

The Equitensiometer is 40mm in diameter and 210mm
long, with a sensing length of 68mm. The rest of the instru-
ment length is accounted for by the Theta Probe body.
Figure13.3 is a photographof anEquitensiometer.Theman-
ufacturersquoteameasurement rangeof0 to−1000 kPa (0 to
−100mwater). Accuracy is stated as ±10 kPa (±1mwater) in
the range 0 to −100 kPa (0 to −10m water) and ±10% below
−10mwater.However, thecalibrationsaremadeonadrying
curve and the porous matrix is subject to hysteresis. The
uncertainty resulting from this is stated as ±20 kPa (2m
water). This is consistent with data presented by Ireson
et al. (2006).

13.4 Heat Dissipation Blocks

Heat dissipation blocks were first introduced by Phene
et al. (1971a, b). Their device used a germanium P–N junc-
tion diode to sense the temperature, wrapped in 2m of con-
stantan heater wire and embedded in a ceramic block about
30mm diameter and 40mm length. This approximated a
point heat source and detector. Later sensors, described
by Reece (1996), used a line heat source and a thermocouple
sensor, which allowed the ceramic block to be reduced in
size to 15mm diameter and 30mm length, although the
entire device is 60mm long. This device is marketed by
Campbell Scientific Inc. as the Model 229 (see Figs. 13.4
and 13.5).

Fig. 13.2 Watermark sensor. Reproduced with permission from
Irrometer Company, Inc.

Fig. 13.3 Equitensiometer. Image courtesy of Delta-T
Devices Ltd.
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For this configuration, the temperature rise at the centre
of the block,ΔT, at a time, t, after switching on the heater is
given by (Flint et al., 2002a):

ΔT =
q

4πk
lnt 13 4 1

where q is the rate of heat input per unit length of the line
source and

k is the thermal conductivity of the block.
The method of measurement is closely related to the

methods described in Chapter 10 for dual-probe heat-pulse
water content measurement. However, in this case, the
heater and temperature sensor are both inside a single nee-
dle, embedded in a porous ceramic block, and the heating
period is longer (about 30 s), the measurement being taken
at the end. Note also that the temperature rise is related in
this case to the thermal conductivity of the block material
and not to the volumetric specific heat.

In use, the heater is turned on for a few seconds and the
temperature rise recorded after this time. The rate of

temperature rise is determined by the balance between heat
supplied by the heater and the rate at which it is conducted
away. The higher the water content of the block, the faster
heat is conducted through the ceramic and there is a smal-
ler temperature rise when the water content is high than
when it is low. Also, as time goes on, the system begins
to approach a steady state, and so the rate at which the tem-
perature rises will slow. This is illustrated in Fig. 13.6.

Heat dissipation blocks are subject to the same hystere-
sis problems as other porous matrix sensors. They are not,
however, sensitive to solute concentration since this has
a negligible effect upon the thermal properties of water.
They are, however, sensitive to ambient pressure, which
is important for calibration in a pressure plate apparatus
(see Section 13.5), and temperature. These both arise
mainly as a result of vapour flow induced by the tempera-
ture gradient produced by the heater (Flint et al., 2002a).
The Campbell Scientific Manual (Campbell Scientific,
2009) shows graphs implying a change in calibration slope
of about 30% over a 10 C change in temperature, so that
soil temperature using the thermistor in the block must
be recorded.

The recommendedmeasurement sequence is (Campbell
Scientific, 2009):
1 Measure the temperature of the sensor.
2 Turn on the heater. A heater current of 50mA is recom-
mended, providing an input of 1.7W to the ceramic.
3 Measure the temperature after 1 second of heating. Using
this value as the starting point for measuring the tempera-
ture rise leads to more stable results (Flint et al., 2002a;
Campbell Scientific, 2009).
4 Measure the temperature after a further 29 seconds.Turn
off the heater.

The water potential is calculated using an empirical cal-
ibration equation. Equation 13.4.2 has been found suitable:

ψm = −e αΔT+β 13 4 2

where
ΔT is the temperature rise between 1 and 30 s after turning
on the heater and

α and β are empirical constants.

Fig. 13.4 Campbell CS229 heat dissipation matric potential
sensor. The ceramic block is the grey-coloured cylinder in the
foreground. Reproduced with permission from Campbell
Scientific, Inc.

Fig. 13.5 Internal construction of the CS229 heat dissipation
sensor, showing the heater wire and thermocouple mounted inside
a hypodermic needle, which is placed at the centre of the ceramic
block. After inserting the heater and thermistor, the needle is
filled with heat-conducting epoxy. Reproduced with permission
from Campbell Scientific, Inc.

Fig. 13.6 Temperature rise of a heat dissipation block, according
to Equation 13.4.1.
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Flint et al. (2002a) proposed a normalisation procedure,
which makes it unnecessary to calibrate each block indi-
vidually and also allows prediction of the temperature
response of the blocks. Their analysis depends on the
ceramic block material being effectively identical between
blocks, so that differences between blocks are caused only
by differences in contact between the heater and the
ceramic. Their analysis was also based on a block with a
line source heater, such as the Campbell Scientific 229.
Some blocks have a point source heater and it is not known
if the same methodology applies.

To use this normalisation method, a value of ΔT for each
sensorwhen saturated (ΔTwet) andwhendry (ΔTdry) is needed.
The sensormust be completely saturated for theΔTwetmeas-
urement. This can be achieved by immersing the sensor in
water under a vacuum and waiting until all air bubbles have
disappeared. Similarly, the sensor should be completely dry
for the ΔTdry measurement, by oven drying at no more than
60 C or placing it in a desiccator for several hours. Tempera-
tures greater than 60 C may damage the sensor.

The normalised temperature rise is calculated as

ΔTnorm =
ΔTdry−ΔT

ΔTdry−ΔTwet
13 4 3

This value can be used in Equation 13.4.2 in place ofΔT,
with a different value for α, since the range of ΔTnorm is
from 0 to 1.

Correction for soil temperature is less straightforward.
Flint et al. (2002a) found a fifth-order polynomial in temper-
ature could be fitted to predict the slope of the correction.
The corrected normalised temperature rise, T∗, is found
using the relation:

T∗ =ΔTnorm−s∗ Ti−Tcal 13 4 4

where Ti is the initial temperature of the block before the
heater is turned on and

Tcal is the temperature at which calibration was carried
out, with:

s∗ = −0 0133T∗5 + 0 0559T∗4−0 0747T∗3 + 0 0203T∗2

+ 0 011T∗ + 0 0013
13 4 5

Unfortunately, Equation 13.4.5 requires that T∗ be
knowntocalculate s∗.An iterativeprocedure isused tosolve
this. Although this is quite lengthy, it can be implemented
easily on a spreadsheet or programmable data logger.

13.5 Calibration of Sensors

Calibration can be performed in several of ways, the main
ones being:
• By comparison with another sensor in soil;
• Against a hanging water column;

• By equilibration with an osmotic solution,
• In a pressure plate or membrane apparatus.

Those sensorswhich are in the form of a small block (e.g.
resistance blocks and heat dissipation blocks) are generally
easier to calibrate. Equitensiometers present more difficul-
ties because of their relatively large size, which rules out
pressure plate or membrane calibrations and makes most
other methods less convenient.

13.5.1 Comparison with other sensors

Inmany ways, this is the simplest method, although it may
take a long time to acquire enough data to cover the range of
water potential needed. Calibration may be done in either
the laboratory or the field. Field calibration has the advan-
tage that all relevant aspects are present in the calibration
set-up, for example, temperature fluctuations, solutes, etc.
However, there are a number of disadvantages, the most
serious of which is spatial variability, which means that
the water potential at one sensor location may be signi-
ficantly different to that at the location of another, parti-
cularly at low water potentials. To minimise any such
problems, the sensors should be installed as close together
as possible and in as homogeneous an environment as pos-
sible. Time can be saved by installing the sensors at a dry
time of year, waiting sufficient time for them to come
to equilibrium with the soil and then irrigating to obtain
measurements under wet conditions. This may miss
measurements at intermediate potentials, so that only
measurements at the dry and wet end of the range are avail-
able, which is clearly undesirable.

Field comparisons have been reported by Phene et al.
(1971b), Whalley et al. (2001) and Whalley et al. (2009).

A laboratory soil column is a better controlled environ-
ment than the field, although it may often be difficult to
obtain conditions where the potential is lower than – a
few metres water. The same considerations apply, but
apparently successful calibrations have been performed
by Phene et al. (1971b) and Agus and Schantz (2005).

The potential pitfalls with intercomparison of sensors,
mean that it is usually better employed as a means of
checking the performance of different designs and of sepa-
rate calibrations than in producing a calibration itself.

13.5.2 Hanging water column

Long used as a means of generating soil water retention
curves, a hanging water column is an effective means of
applying a known matric potential to a porous body. The
principles of the set-up are illustrated in Fig. 13.7.

A tray filled with a porous material – fine sand for mod-
est matric potentials and kaolin for lower ones are popular
choices – transmits the pressure from awater column hang-
ing from the bottom of the tray to one or more porous
matrix sensors in contact with the porous material. The
sensors may be embedded in the material, as shown, or
placed on the surface. In the latter case, they will take

207Indirect Methods of Water Potential Measurement

FOR REFERENCE PURPOSES ONLY



longer to achieve equilibrium, as the area of contact is smal-
ler and contact may be poorer. Thematric potential applied
to the sensors is −h, and by adjusting the tube forming the
U-tube, different potentials may be applied.

If the porous material used as the transmission medium
has a lower air entry potential than theminimum potential
required, then the system is very nearly saturated at all
times. Any change in the applied potential is transmitted
rapidly to the sensors and the only change in water content
should be that of the sensors’ porous matrix. However, if
the potential falls low enough that the transmission
medium starts to desaturate, more water needs to move
through it. The hydraulic conductivity of the medium is
also reduced, both effects increasing the time to achieve
equilibrium.

A screen on the bottom of the tray is needed to retain
the transmission medium. This can be any material with
a small enough hole size to block the smallest particles.
The tray should be covered to prevent evaporation from
the surface, and in most cases, a temperature-controlled
environment is needed to ensure that temperature fluctua-
tions do not affect the process. A well-insulated container
may be adequate if the laboratory environment is reasona-
bly steady.

Air bubbles are potentially a large problem. They can be
minimised by filling the system from the bottom and, once
the water level reaches the base of the tray, proceeding
slowly to allow entrapped air to escape from the surface.
Over time, any remaining air entrapped in themediumwill
either migrate to the surface and escape or dissolve in the
water, improving the performance of the calibration set-up.

The lowest potential achievable in theory using this
method is −10m of water. However, this requires that
the length of the hanging column is 10m, which is difficult
to achieve. Themethod is, therefore, suitable only for mod-
est potentials.

13.5.3 Vacuum and pressure chamber

For lower potentials, the hanging water column may be
replaced with a vacuum or, alternatively, by increasing
the air pressure around the upper part of the apparatus.
The matric potential may be regarded as the difference in
pressure between the air and the water in the medium, so
that increasing the air pressure also increases the water
pressure by the same amount. Even though the matric
potential may be below −10m of water (approximately
atmospheric pressure), the actual pressure relative to the
atmosphere outside the chamber may still be positive. If
there is awater pathway to the outside, thenwaterwill flow
from the porous material inside the chamber until the
actual pressure of water inside the pores is equal to that
of the atmosphere. Since the air pressure surrounding and
within the block is much higher than atmospheric, the
matric potential is equal to the difference in air pressure
between the inside and outside of the chamber. This
method is sometimes described as an axis translation
technique.

A schematic diagram of a vacuum and a pressure cham-
ber is shown Fig. 13.8.

Vacuum chamber
The vacuum applied to the lower side of the ceramic plate
should be controlled by a regulator. There are two types –
one switches the pump on and off to maintain the desired
vacuum in the reservoir. In the other, the vacuum reservoir
is maintained at a pressure well below that required in the
lower part of the chamber. A valve, controlled by a dia-
phragm, maintains a set pressure on the chamber side of
the pipe connecting it to the reservoir. The upper part of
the chamber is open to the atmosphere, although it is
important to prevent evaporation from the blocks and sur-
rounding medium. If a sufficiently high accuracy vacuum
gauge is not available, a mercury manometer can be used.
Over time, the mercury and its tube become dirty and will,
eventually, need to be replaced. There are strict controls in
many countries over the use and disposal of mercury,
which can lead to considerable unexpected expense. In
any case, precautions are needed, by using flow constrictors
and/or catching trays or pots to preventmercury from being
spilt accidentally or surging out of the manometer if the

Fig. 13.7 A hanging water column to calibrate porous matrix
sensors.
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pressure changes suddenly. Although less hazardous than
high-pressure air, precautions are needed to prevent acci-
dents from, for instance, implosion of brittle components
or a sudden loss of vacuum. A vacuum gauge requires peri-
odic recalibration.

Pressure chamber
Pressure chambers use a source of high-pressure gas, either
from a pump and reservoir, as shown in Fig. 13.8, or from a
gas bottle. The choice depends on several factors – space
available, financial resources and the amount of use likely
to be made of the equipment. For light usage, compressed
gas bottles are the most economical choice, as they avoid
the considerable expense involved in purchasing pumps,
reservoirs and control equipment, as well as the costs of

maintenance and periodic inspection of these. Formoderate
usage, a self-contained and fairly compact package contain-
ing a pump and reservoir, with associated control gear, is
available fromSoilmoistureEquipmentCorporation inCal-
ifornia and possibly other manufacturers. Regulators and
pressure gauges are still required, along with the pressure
chamber(s). Special high air entry value ceramic plates are
available with bubbling pressures greater than 0.5 or
1.5MPa (5 or 15 bar – 50 or 150m water). Alternatively,
some designs of chamber use a special cellulosemembrane,
similar to that used in dialysis machines, which performs
the same function. Although the membrane material is
cheaper, it degrades fairly rapidly and must be replaced fre-
quently. In these chambers, themembrane is supported on a
thick stainless steel mesh.

Fig. 13.8 Vacuum chamber (top) and pressure chamber (bottom) used for calibrating block-type matric potential sensors.
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The potential for serious accidents when using high
air pressure is very high, and in most countries, there are
stringent regulations in place, which mandate roughly
annual inspection and testing of all components of the sys-
tem to ensure safe operation. These can make the use
of such equipment expensive, particularly if it is used
infrequently.

Since the upper part of the pressure chamber is well
above atmospheric pressure, an electrical leadthrough,
basically a set of conductors set into a plastic block that fits
tightly into a hole in the wall of the chamber, is needed to
allow the block to be read. Wellings et al. (1985) have
described the pressure chamber calibration procedure in
more detail.

Other considerations
In both the vacuum and pressure chambers, good contact
between the blocks and the porous plate or membrane is
important. In some cases, this can be achieved with a small
amount of silica flour, fine clay or sand to fill any gaps
between the two. In others, it might be necessary to embed
the blocks in a porous matrix. While this ensures the best
hydraulic contact over a large part of the surface area of
the block, equilibrium can be attained only when all the
water has drained out of the matrix to achieve the desired
potential and so may make equilibration slower than if the
contact were poorer. Some designs of pressure plate incor-
porate a plastic diaphragm in the lid which can be pres-
surised slightly above that of the chamber to press the
samples into the plate or membrane.

The thermal conductivity of heat dissipation blocks var-
ies with air pressure (Section 13.4; Flint et al., 2002a) and so
the blocks must be brought back to atmospheric pressure
before making a measurement. The pressure plate or mem-
brane itself will remain saturated, but theremay bewater in
contact with its underside, which could then rewet the
blocks slightly. To prevent this, the valve on the bottom
of the pressure chamber should be closed before depressur-
ising the chamber.

13.6 Block Installation

13.6.1 Installation of discrete sensors

In common with other instruments embedded in the soil,
discrete sensors, such as resistance blocks (Section 13.2)
and psychrometers (Section 14.2), may disturb soil water
flow paths and particularly create pathways for rapid water
flow from the surface. Generally speaking, it is better to
have a relatively impermeable column of material above
the sensors than one which bypasses much of the soil.
An impermeable column, however, increases the response
time of a sensor below it.

There are three basic approaches to installation of this
type of sensor: multiple-hole, single-hole and side installa-
tion from a suitable access pit.

Multiple hole
In thismethod, each sensor is installed at or near the base of
its own access hole, whichmay be vertical or inclined at an
angle. The hole is usually most conveniently lined with an
access tube. Alternatively, it may be backfilled with soil
from the site or with other material.

Lining the hole with an access tube has the following
advantages:
• A well-fitting access tube is impermeable, provided the
tube is not open at the top.
• The sensor can be recovered fairly easily for replacement
in case of failure, for recalibration or at the end of an
investigation.
• Installation is often easier, as holes can be predrilled,
lined and capped in advance of sensor emplacement. Little
backfilling is required.

On the other hand, the disadvantages are:
• Watermay run downa gap between the tube and surround-
ing soil. If it reaches the vicinity of the sensor, an artificially
highwater potential is recorded. This possibility can bemini-
mised by drilling the access tube hole slightly undersized, by
ensuringthatanysmallgaparoundthetopof theaccesstubeis
filled with local soil, by fitting a small skirt around the top of
the access tube to direct water away from the access tube
perimeter and by installing the sensor some little distance
(say, 200mm) below the bottom of the access tube. This
may be either by augering a hole for the sensor through the
tube and then backfilling and compacting soil above it or by
drilling a hole of diameter equal to that required for the access
tube to the full depthneeded for the sensor and backfilling the
lower200mmorsowith soil fromtheappropriatedepth.This
isverysimilar totheproceduredescribed inthesectiononten-
siometer installation (Section 12.7).
• use of access tubing incurs additional expense, although
this is normally small comparedwith the cost of the sensor.

Installation in an unlined, backfilled hole has the advan-
tages of drilling the hole, emplacing the sensor and backfill-
ing in one operation. This is simpler than performing the
additional steps required to use an access tube, and if native
soil is used for backfilling, little extra material is needed or
disposed of. However, it is difficult to ensure that a prefer-
ential pathway for water from the surface to the sensor is
not created. This can be minimised by:
• Backfilling part (usually the lower part) of the hole with
material of lower permeability than that of the surrounding
soil. This may be clay, clayey soil, cement, concrete or a
closed-cell foam (e.g. polyurethane) mixed in situ. Introdu-
cing thesematerials into a small hole at depth, while ensur-
ing that it forms a complete barrier, is often far from easy.
The advantage of using a two-part foaming polymer, several
types of which are marketed for hydrogeological applica-
tions, is that each component can be introduced individu-
ally via a separate small-diameter pipe. Use of swelling
clay (e.g. bentonite) to form a low-permeability barrier is
common in hydrogeological applications where the forma-
tion is saturated. Sometimes the bentonite is mixed
with cement. This may be appropriate in unsaturated
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applications. However, the sealing property of these clays
depends to a large extent on their swelling on contact with
water. In unsaturated situations, bentonite will also shrink.
This can open up cracks, allowing water to flow through.
Use of bentonite, therefore, should be reserved for situa-
tions where the formation can be guaranteed to remain
wet at all times.
• Drilling an inclined hole. The intention here is that any
water entering the backfilled hole drains downwards, rather
than being conducted along the hole to the sensor. How-
ever, accurate positioning of the sensor is more difficult
to achieve using an inclined hole. Use of a jig, anchored into
the soil, reduces this problem.

For installation close to the surface (the upper ~300mm),
obtaining undisturbedmeasurements may be especially dif-
ficult, as any hole, skirt or impermeablematerial is likely to
cause locally drierorwetter conditionsat the sensorposition
than in the surrounding soil. This is because of sheltering by
the impermeable material or, alternatively, water may be
intercepted by the above-ground parts of the installation.
Dependingonthedetails of the surfaceprotection, thiswater
may be diverted away from the sensor or concentrated close
to it. Thepossibility ofwater runningdownagapbetweenan
access tube and soil will enhance this possibility.

Similar remarks apply to drying of the soil by evapora-
tion,where thepresenceof a skirtmayreduce locally surface
evaporationandtranspirationbyshallow-rootedvegetation,
again leading to unrepresentatively wet conditions.

For shallow installations, therefore, installation is best
performed by horizontal insertion at least 300mm into
the soil from a shallow pit or borehole, which leaves the soil
above the sensor intact. For shallow installations, the pit is
best backfilled carefully after installation.

Single hole
In single-hole installation, several sensors are installed
inside the same predrilled, either vertical or inclined, bore-
hole. The hole is drilled just a little deeper than the depth of
the deepest sensor, which is embedded into native soil (pos-
sibly sieved), silica flour or fine sand, as for multiple-hole
installation. The connecting cable is led back to the surface.
A second sensor is similarly installed some distance
above it.

Themost important and difficult part is in ensuring that
the sensors are isolated hydraulically from one another and
that there are no preferential flow paths between them.
This is complicated, especially for the upper sensors, by
the presence of cables from the sensors beneath. For this
reason, the material between the sensors should be intro-
duced as either a dry, fine powder, which flows freely, or
as a slurry. In the latter case, precautions need to be taken
to avoid the slurry intruding the area around the lower sen-
sor, which can slow its response. The process is very similar
to that described in Section 12.12.3 and Fig. 12.31.

These considerations limit the number of sensors that
can be installed in a given borehole, as well as the vertical
distance between successive sensors.

The choice of material into which the sensor should be
embedded and the means of preventing preferential flow
down the hole have been discussed previously.

Horizontal installation
Installation of sensors horizontally in the soil from a suita-
ble access hole or pit is often an attractive option for the fol-
lowing reasons:
• There is minimal disturbance to the soil close to the
sensors.
• Water flow in the soil between sensors is not disturbed.
• Many sensors can be installed from one access hole.

For shallow (less than about 700mm) installation, a hole
of approximately 200mm diameter may suffice to emplace
the sensors. This is sufficient to allow an operator’s arm to
reach the required depth and make a horizontal hole to
receive the sensor, insert the sensor and backfill the hole.

The two important considerations are to ensure good
contact between the sensor and soil and to ensure that
backfilling the hole does not create preferential flow routes
that disturb the sensor readings.

The first-named of these is a matter of ensuring that a
pilot hole is sized to ensure a snug fit for the sensor. The
second can bemet by those described for separating sensors
in a single-hole multi-sensor installation. Alternatively,
the hole can be left empty, provided that it remains unsat-
urated at all times and is covered to exclude precipitation.
The holemay need to be supported by an access tube to pre-
vent collapse, but leaving the hole empty aids retrieval of
the sensor later. If the hole is relatively large comparedwith
the distance of the sensor from its edge, provision must be
made to prevent precipitation or irrigation falling on the
area occupied by the access hole from disturbing the sensor
readings. In some cases, ensuring that the water is directed
away from the side on which the sensors are installed may
suffice; in others, the rain may need to be collected and led
well away from the vicinity.

More discussion of the considerations applicable to
horizontal installation is contained in Section 12.12.1.

13.7 Filter Paper Method

The principles behind this method are similar to those of
other porous blockmethods – a porousmatrix, in this case
a piece of filter paper, comes into potential equilibrium
with the soil withwhich it is in contact and thewater con-
tent of the porousmatrix is measured. Unlike other meth-
ods, however, the measurement is not made in situ, but
after removal from the soil. Filter paper is very cheap
and so little financial outlay is involved, themain require-
ment being an accurate balance to weigh the papers.
These are commonly found in chemistry laboratories
and, if one is available, the method involves little addi-
tional expense. The method is, however, expensive in
the time required to make the measurements and, since
it involves themanual insertion and removal of the papers
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and their weighing in a laboratory, can be used only in
situations where a time resolution of several days is
acceptable. Since the method is best suited to arid condi-
tions, this ismost often not a problem, as changes inwater
status are usually slow in dry soil.

For field soils, measurements may bemade in two ways:
1 In themost frequently usedmethod, an undisturbed sam-
ple of soil is extracted and transported to a laboratory,
where it is kept in contact with a filter paper inside a closed
container for several days. Alternatively, it may be kept
very close to but out of direct contact with the soil by a
metal grid. In the first case, the measurement will be of
matric potential, since solutes will be free to move with
the water into the filter paper. In the second case, the total
(matric plus osmotic) potential is measured, since equili-
bration is with the vapour pressure of the water, which is
lowered by the presence of salts in the soil solution.
2 It is also possible to place the filter paper in contact with
soil in the field. Hamblin (1981) made slits in the soil, in
which the papers were inserted. It should also be possible
to place the paper, suitably weighted down, at the open bot-
tom of an access tube. In the field situation (and sometimes
in a laboratory), the filter paper may be sandwiched
between two other similar ones to avoid the central paper
becoming contaminated by soil. Mullins (2001), however,
reported that this often resulted in the paper not attaining
equilibrium with the soil.

For either method, it is difficult to estimate the length of
time needed until the paper attains equilibrium with the
soil solution.

The basic sequence of operations is:
1 Cut a suitable size piece of filter paper a little smaller
than the container or access tube.
2 Dry the filter paper in an oven at 105 C.
3 Weigh the dry filter paper.
4 Place the filter paper in the access hole, ensuring as good
contact as possible with the soil. To avoid condensation
wetting the paper, it must not touch the side of the con-
tainer or tube.
5 Wait for several days for potential equilibrium to be
established with the soil.
6 Retrieve the filter paper and immediately place it in a
sealed container of as small a volume as possible to avoid
loss of water by evaporation.
7 Weigh the filter paper as soon as possible in a damp
atmosphere in the laboratory.

Ensuring good quality data using thismethod is not easy.
The relevant factors are as follows.

13.7.1 Choice and calibration of filter paper

The filter paper must have a suitable water retention curve
for the conditions prevailing at the site in question. The
most common choice is WhatmanNo. 42 papers, the curve
for which has been established by several workers, most
notably Deka et al. (1995) (see Fig. 13.9). Although this
has been found to be remarkably consistent from one batch

to another, for highest accuracy, each batch should be cali-
brated individually. Calibration is not a simple process,
however, as, for the lower water potentials, the papersmust
be calibrated in a pressure plate apparatus or equilibrated
over solutions of known concentration and hence osmotic
potential. This latter method of equilibration is very slow,
taking perhaps several weeks at the drier end of the scale.
The vapour pressure of the solution is very sensitive to tem-
perature, and so papers can be calibrated only where suita-
ble constant temperature facilities exist.

13.7.2 Treatment of papers

In some situations, usually where the soil is high in organic
matter, fungal growth on the papermay degrade it. To avoid
this, manyworkers have treated the papers with a fungicide
(0.005% HgCl or 3% pentachlorophenol in ethanol) and
allowed them to dry before use. This is reported not to
affect the calibration curve (Fawcett & Collis-George,
1967; McQueen & Miller, 1968). In many situations, how-
ever, this is not necessary (Mullins, 2001), and so it may be
advisable to test whether fungal growth occurs before mak-
ing serious measurements.
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Fig. 13.9 Calibration curve for Whatman No. 42 paper
determined by Deka et al. (1995), showing the characteristic
‘broken stick’ shape. It is believed that the portion at higher
potentials is controlled by water held between paper fibres, while
the portion at lower potentials depends onwater heldwithin fibres.
Copyright © 2005, John Wiley & Sons, Deka et al. (1995).
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13.7.3 Handling of papers

The quantity of water held by the paper is very small, even
when wet, and much less near the dry end of the range.
Hence even a very small loss of water or additional water
or other material, perhaps from an operator’s fingers; evap-
oration; loss of a small amount of the paper; or soil particles
adhering to the paper can change the measured amount of
water seriously. To minimise this risk, handling of the
papers must be planned in advance and carried out as
swiftly as possible. Suggested measures include:
• Operators should wear thin rubber or PVC gloves to pre-
vent moisture transfer between fingers and paper.
• Handling of papers should take place as far as possible in a
high-humidity environment – a humidified glove box is
ideal. Deka et al. (1995) used a wooden box lined with
wet paper towels, although care is needed to prevent the
paper coming into contact with the towels.
• Measures must be taken to ensure that papers are not
damaged during handling and that they are shaded from
direct sunlight at all times.
• Soil particles adhering to the paper should be brushed off
before weighing. If this is not possible, then themass of soil
can be measured after drying, although estimation of

the amount of water contained in that soil may be very
difficult.

13.7.4 Weighing

Both the filter paper and thewater within it have very small
mass (~200mg for a filter paper, down to ~10mg for the
water at −10,000mwatermatric potential and 320mg close
to saturation) (Deka et al., 1995). Weighing accuracy there-
fore needs to be better than 1mg (Deka et al., 1995). This
level of accuracy can sensibly be achieved only in a labora-
tory with high-quality equipment.

13.7.5 Accuracy of the method

Assuming no contribution from temperature gradients,
inadequate equilibration time, loss of water by evaporation,
soil adhering to the paper, etc., Deka et al. (1995) estimated
the accuracy of water potential as being within a factor of
1.5–1.8, depending on the range of potential. Thus the
method is not useful for calculating gradients of water
potential for use in estimation of water flux. However, it
is competitive with other porous matrix methods at low
water potentials.
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14 Beyond −10Metres Water Head

14.1 Introduction

The range of conventional tensiometers is limited by the
lowering of the boiling point of water to normal ambient
temperatures as the internal pressure falls towards zero.
The pressure at which boiling occurs is the saturated
vapour pressure of water at the appropriate temperature.
This is equivalent to about 23 cm water pressure, and so
tensiometer failure occurs theoretically at awater potential
where the lowest pressure (i.e. at the highest point) in the
system relative to atmospheric is very close to −10mwater.
In practice, failure usually occurs above that because of air
diffusion into the tensiometer. In any case, readings often
lag well behind the truewater potential through a combina-
tion of reduced diffusivity of the soil and low sensitivity of
the tensiometer because of air in the system (Whalley
et al., 2009).

The traditional approach to this problem is through the
use of porous matrix sensors, which operate over a wide
range of water potential and are described in Chapter 13.
Porous matrix sensors are robust but often have unaccept-
ably large hysteresis, and their calibrationmay shift consid-
erably over time.

Instruments which give a more direct reading of water
potential in the range below −10m water are described in
this chapter. They comprise soil psychrometers, osmotic
tensiometers and high-capacity tensiometers.

14.2 Soil Psychrometers

The name soil psychrometer is usually applied both to true
psychrometers, whichmeasure the temperature depression
below ambient of a wetted sensor in a humid environment,
and to hygrometers, which measure the dew point of the
soil atmosphere. In either case, the measurement is of
the vapour pressure deficit (i.e. the amount by which the
water vapour pressure in the soil is lower than that at sat-
uration at the same temperature and atmospheric pressure)
or the relative humidity (the ratio of the actual vapour

pressure of water to that of the saturated vapour pressure
at the same temperature).

A good review of the design and use of soil psychrom-
eters can be found in Andraski and Scanlon (2002), which
should be consulted for more information.

All practical soil psychrometers sense temperature by a
sensitive thermocouple. One type, thewet-loop psychrom-
eter of Richards and Ogata (1958), requires that a droplet
of water be placed manually onto a small ring at the ther-
mocouple junction and so is unsuitable for field use. The
Peltier type of psychrometer, also known as a Spanner
psychrometer (Spanner, 1951), uses the Peltier effect to cool
the junction and condense a droplet of water onto the
junction.

14.2.1 Theory

Effect of water potential on water vapour pressure
The soil water potential affects thewater vapour pressure of
the air in the pores. This may be appreciated by considering
that the soil matrix holds onto the water more tightly as
water content decreases and, at the same time, restrains
water molecules from evaporating from the liquid. In quan-
titative terms, the vapour pressure is related to the soil
water potential through the Kelvin equation:

ψ = −
RT
Vw

ln
p
p0

14 2 1

where
R is the gas constant (8.314 × 10−6MJmol−1 C−1);
T is the absolute temperature;
Vw is the molar volume of water (1.8 × 10−5m3mol−1) and
p/p0 is the relative humidity, p being the actual vapour pres-
sure in equilibrium with the pore water and p0 the satu-
rated vapour pressure, both at temperature T
Unfortunately, because of the logarithmic relationship,

the actual vapour pressure, p, is very close to the saturated
value for even quite low (in soil terms) water potentials.
At 25 C, a water potential of −150m water (−1.5MPa),

Soil Water Measurement: A Practical Handbook, First Edition. J. David Cooper.
© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.
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traditionally the wilting point for vegetation, is equivalent
to a relative humidity of 99% (Andraski & Scanlon, 2002).
Measurement of water potential using the technique,
therefore, requires both very good temperature stability
and accurate measurement of relative humidity. Because
a thermocouple is used to measure relative humidity, the
latter implies accurate temperature measurement of
the thermocouple junction, which in turn demands accu-
rate voltage measurement.

It should be noted that a psychrometer measures the
total local water potential in the soil, that is, the sum of
the matric and osmotic components. This contrasts with
most other methods, which measure just the matric com-
ponent of water potential.

Dew point The dew point is the temperature at which
water vapour in air condenses. Condensation is commonly
observed on a cold surface, for example, a glass window.
When the humidity is high, water condenses on a warmer
surface than it does when the humidity is lower. Dew point
is oftenmeasured by cooling amirror until water condenses
on it, at which point the mirror no longer reflects a light
beam. At any ambient temperature, the dew point depends
only on the quantity of water vapour per unit volume of air,
that is, on the vapour pressure, p.

For high humidity, which is the case in our situation, the
dew point, Td, is very close to

Td≈T−16 1−
p
p0

14 2 2

The slope factor varies by about 20% between 5 and
30 C. This is easily corrected for, since it is essential to
know the soil temperature to measure the temperature
depression.

Psychrometric method
In thepsychrometricmethod,awaterdropletonthethermo-
couple junction evaporates into the space around it. The
latent heat of evaporation required for this comes fromcool-
ingof thewaterdroplet.Theresultingwet-bulbtemperature
is higher than the dew point but below the ambient, or dry-
bulb temperature. The situation is very similar to that
encountered in meteorological stations, which use a
water-saturated wick over one of a pair of thermometers
tomonitor atmospheric humidity. The temperature depres-
sionof thewetbulb is about60%of thedewpointdepression
(Campbell, 1979) but varies a little from one instrument to
the next as a result of differences in heat conduction along
the thermocouplewires, radiation inside the soil cavity, etc.

The Seebeck effect
Temperature measurement by a thermocouple depends on
this effect, otherwise known as the thermocouple effect. It
was discovered in 1821 by Seebeck, who found that a volt-
age is generated proportional to a temperature gradient in
any metal. Different materials produce a different voltage,

and so, by joiningwires of dissimilarmetals together, a volt-
age is produced proportional to the temperature difference
between the two junctions. The Appendix 14.A to this
chapter gives more details about thermocouples and their
operation.

The Peltier effect
The Peltier effect is related to the Seebeck effect in that by
imposing an electric current on a thermocouple junction,
heating or cooling of the junction occurs, depending on
the direction of current flow.

14.2.2 Design of soil psychrometers

The essential elements of a soil psychrometer are shown
in Fig. 14.1. The primary thermocouple is made of very
fine wire chromel and constantan. The wires need to be
as fine as possible to minimise heat conduction to the
junction.

There is also an auxiliary thermocouple of copper and
constantan to measure ambient temperature of the instru-
ment. In some designs this is at the top of the PTFE plug as
shown,while in others it iswithin the cavity containing the
primary junction.

The primary thermocouple is very delicate and so must
be protected well by a porous ceramic shield or a metal

Fig. 14.1 Components of a soil psychrometer. (See insert for
colour representation of the figure.)
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mesh screen sufficiently fine to keep out soil particles.
Ceramic is usually more robust, but if it is broken, it then
cannot be repaired readily. A ceramic shield-equipped psy-
chrometer is unlikely to achieve vapour equilibrium with
the soil as quickly as one with a metal screen. Should the
soil become saturated at any point, then the ceramic ver-
sion is likely to protect the psychrometer junction from
contamination rather better. However, the ceramic may
also absorb salts from the soil solution, which could depress
the measured water potential artificially.

The temperature difference of the junction from that
of the soil is very small, even for what are normally
regarded as low water potentials. Therefore to measure
this reliably is quite difficult. Some of the design
measures are:
• Using chromel (90%nickel, 10%chromium)–constantan
(55% copper, 45% nickel) for the thermocouple
junction (also known as Type E). This has a relatively large
(68 μV C−1) output. For comparison, a copper–constantan
thermocouple has a sensitivity of 41 μV C−1 at 25 C.
• Using fine wire for the primary thermocouple to mini-
mise heat conduction down the wire. However, this must
not be too fine since, as well as needing to be sufficiently
robust, the finer the wire the higher its resistance and so
the greater ohmic heating when a cooling current is passed
through it (see Section 14.2.3).
• Having large cross-sectional pins, of high thermal con-
ductivity metal, connecting to the thermocouple to ensure
temperature stability of the junctions between the chromel
and constantan wires with the pins. Heat extracted by
Peltier cooling at the chromel–constantan junction appears
as heat at the other end of the fine wire thermocouple.
Having large conductors at these junctions minimises the
temperature rise at this point.

14.2.3 Principles of measurement

Soil psychrometers measure the wet- and dry-bulb temper-
ature of the soil atmosphere, or its dew point temperature,
using the theory outlined in Section 14.2.1.

The basic operation is to measure the thermocouple
voltage of the primary junction in its dry state. A current
is then passed through the junction to induce Peltier cool-
ing of the junction, which condenses a small droplet of
water from the cavity around it onto the junction.

In the psychrometer mode, the droplet is allowed to
evaporate and attain a stable wet-bulb temperature, from
which the relative humidity of the cavity and hence the soil
water potential can be calculated.

In the dew point mode, the reader unit is switched alter-
nately between a reading of the temperature and applica-
tion of a cooling current to the primary thermocouple.
The cooling is needed to compensate for heat gained by
conduction through the air in the cavity and the thermo-
couple wires, radiation from the cavity sides, etc.
A sensor-dependent factor, ‘πv’ is required which charac-
terises the rate of heat gain from these extraneous sources.

In both cases, a correction for the temperature of the sen-
sor is required, as the relative humidity, psychrometric
constant and πv are all temperature dependent.

14.2.4 Calibration

Although there is an apparently good theoretical basis for
psychrometers, small differences in manufacture affecting
heat flow to the sensor junction make it necessary to cali-
brate each psychrometer separately.

Calibration over osmotic solutions
This is often the most convenient method. The psychrom-
eter is suspended over a solution of known concentration
and, hence, osmotic potential. Great care is needed over
preparation of the solutions and avoiding cross-
contamination between them. Good temperature control
is also essential. The work should be done in a tempera-
ture-controlled room, using a water bath to keep the tem-
perature constant to better than 0.01 C. For relatively
high potentials, the solutions are fairly weak, and ceramic
sensors can be partially immersed in the solution, rinsing
them thoroughly several times in distilled water and dried
between each rinsing to avoid cross-contamination
between solutions. It is recommended that sensors be cali-
brated in small, individual chambers to ensure that the
environment around each individual sensor is not affected
by gradients in a large chamber. This alsomimics better the
situation when the sensor is installed in the soil. Each
chamber has either a small quantity of calibration solution
or a filter paper just saturated with solution. Condensation
inside the chamber can be prevented by cooling the cham-
bers initially below the water bath temperature.

Calibration in a pressure plate or membrane apparatus
This technique is very similar to that described in
Section 13.5.3. Because of the pressure dependence, the
measurements must be made at ambient pressure, entail-
ing precautions to prevent the matrix in which the sensors
are embedded from rewetting on depressurisation.

Accuracy
The calibrations are temperature (and pressure) dependent
and so must be corrected at least for the temperature effect.
With some loss of accuracy, temperature corrections can be
developed to apply to a batch of similar sensors.

Careful calibration may give an accuracy of about 3–5m
water (500 hPa).

14.2.5 Field installation

Measurements at some depth below the surface avoid pro-
blems caused by rapid temperature fluctuations of the envi-
ronment. However, the dry zone near the surface is often of
most interest. Commercial sensors are designed tominimise
problems resulting from temperature gradients, but careful
installation is still necessary to avoid unacceptably large
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errors. The most important is to install the sensor horizon-
tally. Thismeans that all of the sensorwill be as nearly as pos-
sible at the same temperature (Merrill & Rawlins, 1972). To
avoid problems caused by heat conduction through the con-
necting cable, a length of at least 0.3m immediately behind
the sensor should be buried at the same depth in the soil.

As always, minimising soil disturbance is important.
Horizontal installation into in situ soil from a shallow pit
is recommended, making a small hole of the correct diam-
eter of at least 0.2m length to insert the sensor into and
ramming soil back behind it. If the soil is not sufficiently
stable, a small tube may be needed to keep the hole open
temporarily to allow the sensor to be inserted to the end.
The pit should be carefully refilled after installation.

For depths greater than about 1m, vertical temperature
gradients are usually small enough for vertical installation
into holes drilled from the surface. If the hole is to be lined,
then the liner material should have low thermal conductiv-
ity to avoid creating an artificial temperature gradient. The
sensor should be embedded into native soil material taken
from the same depth and a short length of connecting cable
coiled at the bottom of the hole.

14.2.6 Data acquisition

Data may be acquired either manually or automatically.
Because of the extreme sensitivity of the method to tem-
perature changes in both space and time, great care must
be taken to ensure thermal stability of the sensitive com-
ponents. For this reason, rapid temperature changes of
all components of the system must be avoided, as these
translate readily into temperature differences between
connection points. Connections to the data acquisition
system are particularly vulnerable, and care should be
taken with a manual reader, such as the Wescor HR-
33T unit, to avoid direct sunlight. Cable connections
should, where possible, be buried and/or insulated, while
a data logger system should be placed in a well-insulated
enclosure.

A photograph of a Wescor HR-33T unit is shown in
Fig. 14.2. The newer PSYPRO unit makes and stores read-
ings in psychrometric mode only or used to log up to eight
psychrometers at predetermined intervals unattended. The
sequence for making readings is very similar to that when
using the HR-33T, but these are done either manually or
automatically.

The sequence of operations to make a reading is taken
from the manual for the HR-33T, but if other equipment
is used, the procedure is likely to be similar.

Hygrometric mode
1 The measuring equipment incorporates a sensitive
microvoltmeter. This is easily damaged by transient vol-
tages produced when making connections to the instru-
ment. To avoid this, the inputs must be shorted while
making connections. The HR-33T has a ‘Short’ function
on its selector switch for this purpose.

2 Connect the psychrometer to the measurement unit
using either a proprietary connector or the post terminals.
It is very important to get these the right way round. If the
psychrometer is from a different manufacturer than
the reader unit, there may be different colour coding of
the connecting wires from those of the terminals. The
chromel side of the thermocouple should be connected
to the negative input terminal and the constantan side
to the positive terminal. Getting these the wrong way
round causes Peltier heating of the junction, rather than
cooling! In Wescor psychrometers, the auxiliary thermo-
couple shares one of its connecting wires with the con-
stantan side of the primary thermocouple. Some sensors
may have separate wires for these, and so the copper side
of the auxiliary thermocouple should be connected to the
positive input, while the constantan side should be con-
nected to the input provided (blue for the HR-33T).
A switch alternates the measurement between the two
thermocouples.
3 Set the appropriate πv value for the sensor on the unit.
This should have been supplied by the manufacturer, but
if not it can be found as part of the calibration process. Note
that πv is temperature sensitive, and so a correctionmust be
applied for the actual soil temperature.
4 Select the switch position to read the voltage of the
primary thermocouple. In theory, the reading from the
primary thermocouple should be zero, but small tempera-
ture differences within the psychrometer cavity may
produce a small offset voltage. Either note this down
and subtract it from subsequent readings, or offset
the reading using the controls to bring the reading to
zero. This should be done on the most sensitive range
available.

Fig. 14.2 The Wescor HR-33T manual psychrometer reader.
Reproduced with permission of Wescor Inc., Logan Utah.
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5 Select ‘Cool’ on the function switch. There may be
an option to change the cooling current, although the
HR-33T uses a fixed cooling current of 8mA. The junction
should be cooled for a few seconds, the exact time depend-
ing on the state of dryness of the soil. The drier the soil, the
more time is needed to condense a sufficient drop of water.
In some situations, this may take 30 s or longer, but 5 smay
be sufficient in fairly wet soil.
6 Set the function switch to ‘Dew point’. The reading on
the meter should fall initially quite quickly, as the thermo-
couple junction warms up to the dew point. It should then
remain steady at the dew point temperature indefinitely. If
no stable temperature is observed, then either not enough
water was condensed on the junction (use a longer cooling
time) or the πv value was set wrongly. A contaminated ther-
mocouple junction could also be a cause of failed readings.

Psychrometric mode
The procedure in this mode is very similar to that just
described.

Follow steps 1 to 5 for the hygrometric mode, omitting
step 3. Then, instead of selecting ‘Dew point’ on the func-
tion switch, select ‘Read’. The reading will again fall as the
junction warms to a stable value. This should be main-
tained for several seconds, before falling again to near zero,
as the water droplet disappears.

Combined mode
The similarity of operation for the hygrometric and psychro-
metric modes makes it possible to combine both measure-
ments in one operation. After making a reading in the
hygrometricmode, the functionswitch ismoved to the ‘Read’
position to make a measurement in psychrometric mode.

Other matters
Successful operation of soil psychrometers depends on
careful calibration and installation, elimination of spurious
temperature effects and selection of an appropriate cooling
current and time. These come from experience, which is
best acquired initially from laboratory calibration.

In some situations, the hygrometric mode of operation
may be found more successful than the psychrometer
mode, and in others the reverse.

Automatic data acquisition systems for soil psychrom-
eters have been available for many years, based on portable
PCs or programmable data loggers. These can handle a large
number of psychrometers.

An alternative to in situmeasurements in dry soil,where
water potential is not sensitive to soil structure, ismeasure-
ment of disturbed samples in the laboratory,where the envi-
ronment can be controlledmore easily. Great care is needed
to prevent loss ofwater from the sample in this process. Psy-
chrometric equipment for laboratory measurements is pro-
duced by Wescor Inc., with which the HR-33T or PSYPRO
unitcanbeused, andbyDecagonDevices inPullman,Wash-
ington. Decagon Devices also make a slightly less accurate
hygrometer, based on a cooled mirror, to detect dew point.

14.3 Osmotic Tensiometers

The osmotic tensiometer was introduced by Peck and
Rabbidge (1966, 1969). Themethodwas initially very prom-
ising but fell into disuse owing to reported problems with
biodegradation of the membranes and breakdown and leak-
age of the osmotic solution (Bocking & Fredlund, 1979).
Recently, the development of better membrane materials
has renewed interest in the method.

14.3.1 Theory of osmotic tensiometers

The concept of an osmotic tensiometer is simple (Peck &
Rabbidge, 1966). A solution of high osmotic potential
is contained in a small chamber, having as one of its faces
a semipermeable membrane that allows water but not sol-
utemolecules to pass through. If themembrane is in contact
withwater,watermolecules are attracted into the chamber,
causing the solution pressure to rise until it balances the
osmotic attraction. If the water outside of the membrane
is atanegativewaterpotential, then thepressuredifferential
across themembrane is still equal to the osmotic pressure of
the solution in the chamber. The internal pressure is, there-
fore, expected to be the algebraic sum of the osmotic pres-
sure of the solution when in contact with free water and
the soil water potential. That is, if the osmotic pressure of
the solution in the chamber isΠ and the soil water potential
is ψ , then the pressure inside the chamber at equilibrium
will be Π + ψ . Under unsaturated conditions, ψ is negative,
and so the pressure in the chamber will be lower than Π,
but still positive if Π is large enough.

There is some uncertainly about this argument, as we
have not specified whether ψ refers to the matric potential
or the sum of matric and osmotic potential of the soil. This
depends on whether the membrane is permeable to the
solutes in the soil solution. We should expect it to be per-
meable to the smaller inorganicmolecules, but not to some
of the large ones, and therefore the indicated pressure is rel-
evant to an intermediate value between the matric poten-
tial and the sum of this and the osmotic potential. In
many cases, osmotic potential is small, and so the question
would be of academic interest only.

14.3.2 Construction of an osmotic tensiometer

An osmotic tensiometer is similar in many ways to an ordi-
nary pressure tensiometer. The space inside is, however,
much smaller, and in most designs published, resembles
that shown in Fig. 14.3 (e.g. Peck & Rabbidge, 1969;
Bocking & Fredlund, 1979; Biesheuvel et al., 1999; Bakker
et al., 2007). The main features are:
• A high air entry value (1.5–2MPa – (150–200m water))
porous ceramic disc interfacing with the soil. The high
air entry value is needed to ensure good hydraulic contact
with the interior of the tensiometer. The ceramic disc (usu-
ally called a stone in geotechnical literature) also protects
and supports the semipermeable membrane.
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• A semipermeable membrane. This has even finer pores
than the ceramic disc and retains the osmotic polymer
while allowing water to pass between the interior of the
tensiometer and the soil via the ceramic disc.
• A chamber containing a water-soluble high molecular
weight polymer. The large size of the polymer chains pre-
vents their passing through the membrane, while the solu-
tion has a high osmotic pressure (~1.5–2MPa).
• A rigid housing to contain the osmotic solution and
ensure secure mounting of other components.
• A pressure transducer (see Section 12.13) to measure the
pressure of the osmotic solution. Under normal operating
conditions, the pressure in the chamber is large and posi-
tive. The transducer must be able to measure and with-
stand these pressures without damage.
• Means of sealing the system and assembling and
disassembling it, for example, ‘O’-rings and retaining
rings. The details will depend on the particular components
used.

Themost critical components of this type of tensiometer
are the membrane and the polymer solute. Early examples
had cellulose-basedmembranes, used for dialysis and also in
pressure membrane equipment for soil water retention
studies (Section 13.5.3). Unfortunately, these are subject
to microbial degradation, limiting their lifetime severely
and causing excessive leakage of polymer and/or break-
down of the polymer itself (Bocking & Fredlund, 1979).
Although only a few tens of microns thick, the hydraulic
resistance of the membrane is comparable to and may
exceed that of the ceramic disc. More recently, Biesheuvel
et al. (1999) used a composite ceramic of α-alumina coated
with two 2-μmthick layers of γ-alumina. The γ-alumina has
pores of size of about 2.5 nm, which should retain polymer
molecules effectively. Because the alumina is inorganic, it
should be proof from microbial attack and therefore retain
its effectiveness indefinitely. Bakker et al. (2007) and van
der Ploeg et al. (2008, 2010) also used the same material.

Most osmotic tensiometers use polyethylene glycol
(PEG) as the polymeric solute. Polyacrylamide (PAM)
and polyvinylpyrolidone (PVP) have also been used
(Biesheuvel et al., 2000; Bakker et al., 2007). Bakker et al.
(2007) found PVP to be unsuitable as a result of unexplained
collapse in pressure inside the tensiometers. PAMmay also
suffer irreversible changes in structure when exposed to
divalent cations such as Ca++ (Biesheuvel et al., 2000).
PEG is, therefore, likely to remain the most popular poly-
mer for this type of work. It is available in several different
molecular weights, but the most suitable are in the range
4–20 kgmol−1.

Even with very small pore size inorganic membranes
and very large molecules, both Biesheuvel et al. (1999)
and Bakker et al. (2007) found some reduction in tensi-
ometer pressure over time of the order of 0.1% day−1 when
the units were put into distilled water. It is not clear
whether this represents changes to the polymer over time,
leakage of smaller molecules present in the solution or
some other causes. While inconvenient, the rate of reduc-
tion is sufficiently small and consistent that corrections
can be made to take this into account.

Osmotic potential of the solutions is temperature sen-
sitive. There may also be other sources of temperature
sensitivity in the system, such as change in the dimen-
sions of the osmotic cavity. A temperature sensor should
therefore be attached to each tensiometer to correct for
these effects.

The work of Biesheuvel et al. (1999), Bakker et al.
(2007) and van der Ploeg et al. (2010) points to the
following for successful construction and use of osmotic
tensiometers:
• The membrane used should be inorganic and of as small
pore size as possible. γ-Alumina on a substrate of α-alumina
seems suitable.
• PEG of 4–20 kgmol−1 appears suitable for the purpose.
• The PEG can be packed dry into the tensiometer. It will
absorbwater from the soil, and because of the high pressure,
any air will dissolve (Bakker et al., 2007).
• The osmotic cavity should be as small as possible to
reduce the response time of the tensiometer, probably
through a combination of reduced fluid compressibility
and stiffening the housing. Response time is likely to be
of the order of hours. This is unlikely to be a problem at
low potentials.
• Response time is reduced by a large area of membrane in
contact with the osmotic solution.
• Osmotic tensiometers refill themselves automatically
on rewetting after the soil water potential falls too
low to support an internal pressure of less than –8.5m
water (van der Ploeg et al., 2010). This is a very useful
feature.
• Disc-shaped ceramics may not make adequate contact
with the soil. Van der Ploeg et al. (2010) used solid cones
instead and reported improved performance.

No field experiments using osmotic tensiometers appear
to have been reported.

Fig. 14.3 Main components of an osmotic tensiometer.
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14.4 High Capacity Tensiometers

It is usually believed that boiling or cavitation limits the
range of conventional tensiometers when the absolute
internal pressure falls below the saturated vapour pressure
of water. There are, however, a few examples of tensi-
ometers continuing to work apparently reliably at poten-
tials somewhat lower than −10m water (e.g. Miller &
Salehzadeh, 1993; Whalley et al., 2007). The explanation
for this is that, while water cannot support an absolute neg-
ative pressure indefinitely, something is needed to trigger
the change of state, a process known as nucleation.

For water to boil, it must produce bubbles. In a very pure
and clean system, the bubble must begin as a very small
spherical volume of gas. However, surface tension forces
make it difficult for very tiny bubbles to form initially
and to grow. To see how this works, consider a small spher-
ical bubble of radius r.

The surface tension force of the water acts tangentially
to the surface of the bubble. From Equation 2.1.2, this is
equivalent to a pressure, P, on the bubble of

P=
2γ
r

14 4 1

where γ is the surface tension (about 7 × 10−2 Nm−1) and the
result ispositivebecause inSection2.1,wewereconsidering
thepressure in thewater rather than in the gas above it. For a
bubble of 1mmradius, the excess pressure inside the bubble
is therefore about 140Nm−2 or 140 Pa (14mm water). The
surface tension forces, therefore, resist the growth of very
small bubbles and, indeed, cause their collapse.

The bubble is inside a body of water, which has an abso-
lute pressure of P0. The actual pressure on the bubble, Pb,
therefore, is

Pb =P+P0 =
2γ
r
+P0 14 4 2

The gas inside the bubble is mainly water vapour, which
is at a pressure equal to its saturated vapour pressure, Ps

(about 230mm water or 2.3 kPa at 20 C), independent of
the bubble size (except for extremely small ones corre-
sponding to water potentials lower than about −200m
water or −2Mpa, which does not affect the argument in a
qualitative way). If the bubble is to grow, this pressuremust
be greater than that imposed by the surface tension forces
and the external pressure of the water, Pb. That is,

Ps >
2γ
r
+P0 14 4 3

or

r >
2γ

Ps−P0
14 4 4

For P0 equal to atmospheric pressure (about 100 kPa),
this means that the bubble will not grow for any value of

r since the right-hand side of the equation is negative. For
P0 = zero (corresponding to a matric water potential of
−10m water or −100 kPa), the critical value of r is 60 μm;
at P0 = −100 kPa (ψm = −20m water), it is 1.3 μm; and at
P0 = −900 kPa (ψm = −100m water), it is 0.14 μm.

So, as the pressure reduces below absolute zero, the size
of bubble able to grow reduces verymarkedly, and there is a
progressively greater chance of something being present to
trigger the process. This may be a small air bubble trapped
in a very small crevice, a small particle, surface irregularity
or slightly contaminated surface.

14.4.1 Design and maintenance of high-capacity
tensiometers

Themain design features of a high-capacity tensiometer are
superficially very similar to those of an osmotic tensi-
ometer: a stiff housing with a high air entry value ceramic,
a small chamber containing liquid and a pressure trans-
ducer. The principal differences are that there is no semi-
permeable membrane and that the liquid is water, rather
than an osmotic solution.

The elements common to most devices are shown in
Fig. 14.4.

The first successful attempt at a tensiometer which
would work consistently at pressures below −10m water
was by Ridley and Burland (1993). Since then, several
groups of workers have constructed high-capacity tensi-
ometers (e.g. Tarantino & Mongiovi, 2001; Meilani et al.,
2002; Take & Bolton, 2003; Mahler & Dienne, 2007;
Cui et al., 2008; Lourenço et al., 2008; Rojas et al., 2008;
Schindler et al., 2010).

Fig. 14.4 Elements of a high-capacity tensiometer.
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To keep the water from cavitating in the chamber, its
volume is reduced as much as possible by reducing
the space from the pressure transducer diaphragm to the
ceramic (~0.1mm). All surfaces of the interior of the tensi-
ometer aremade as smooth as possible to eliminate any cre-
vices where air may be trapped and grow into bubbles,
which can trigger cavitation. By making the pressure trans-
ducer integral with the housing, a joint is eliminated.
This involves machining the diaphragm and housing as
one piece. Strain gauges are affixed to the back of the dia-
phragm. Similarly, bonding the ceramic to the housing
and ensuring a smooth join in the interior removes another
possible site for bubble nucleation.

The tensiometer is filled with de-aired water at high
pressure (up to 4Mpa or 400m water). Usually several
cycles of pressurisation and depressurisation are used to
dissolve all air into the water, which then allows the tensi-
ometer to operate down to water potentials as low as −100
m water or lower in some cases.

There are few reports of field use of such devices, but it
can be expected that these will become more common.
Mendes et al. (2008) and Cui et al. (2008) have, however,
both reported successful field tests. Cui et al. (2008) were
able to operate a high-capacity tensiometer for a period of
over 3 weeks down to a matric potential of −160m water.

Appendix 14.A Thermocouples

A thermocouple does not detect temperature as such, but a
difference in temperature between two points. It does this
because there is a voltage difference (ΔT) between the two

ends of a conductor held at different temperatures, T1 and
T2. This difference is equal to

ΔV = S T1−T2 14 A 1

where S is the Seebeck coefficient of the material.
Thermocouple measurement of temperature is possible

because different conducting materials exhibit different
Seebeck coefficients. Figure 14.5a shows a simple thermo-
couple composed of two conductors with Seebeck coeffi-
cients S1 and S2. The junction at the bottom is at
temperature T1, while the voltage is measured at the top,
where the temperature is T2. The measured voltage
depends only on the difference in Seebeck coefficient of
the two materials and the temperature difference between
the junctions. Note also that if the two terminals at the top
were at different temperatures, then the measured voltage
would not be the same. It is important, therefore, to ensure
that there is no difference in temperature between meas-
urement terminals.

To measure absolute temperatures, there is a need for a
reference junction at a known temperature at one of the
terminals. This could be an ice–water mixture, but in mod-
ern circuitry it is usually supplied by electronic means as a
virtual reference junction.

The thermocouple arrangement of a soil psychrometer
in circuit diagrammatic form is shown in Fig. 14.6. Because

Fig. 14.5 Operation of a thermocouple. (a) A simple thermocouple
composed of two conductors having Seebeck coefficients S1 and S2.
The voltage difference is equal to the product of the difference in
Seebeck coefficients and the difference in temperature between the
junctions. (b) Insertion of a different type of conductor in one armof
the thermocouple changes the output even though the material at
the upper junction is the same in both cases, unless T3 =T4.

Fig. 14.6 Arrangement of thermocouples in a soil psychrometer.
Copper leads from the primary thermocouple to the measuring
instrument eliminate voltage differences caused by the leads. The
measured voltage is proportional to the difference in temperature
between the primary thermocouple junction and the reference
junctions with the copper leads. The auxiliary copper–constantan
thermocouplemeasures the difference in temperature between the
measuring instrument and the thermocouple cavity. (See insert for
colour representation of the figure.)
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the copper leads from the two arms of the primary thermo-
couple are of identical material, the voltage difference
caused by the temperature difference between the psy-
chrometer cavity and the measuring instrument is elimi-
nated, provided that there is no temperature difference

between the two reference junctions or between the term-
inals of the measuring instrument. The copper–constantan
auxiliary thermocouple measures the temperature of the
psychrometer cavity using an internal temperature refer-
ence in the measuring instrument.
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15 Soil Water Characteristic
Measurement

15.1 Introduction

The relation between soil water content and potential is
variously described as the ‘soil water characteristic’, the
‘water release function’ and the ‘water retention curve’.
The second and third of these appear to imply only the
relationship where the soil starts in a wet state (possibly
saturated) and measurements are made as it dries out.
We shall use the term ‘soil water characteristic’ for this
reason.

Soil water characteristic curves have traditionally been
made in the laboratory with idealised materials, such as
slate dust, glass beads or sand, or with soil samples taken
from the field, sometimes after sieving out large particles
and repacking, but also on soil cores collected as far as pos-
sible without disturbance. The most common measure-
ment methods are tension tables, vacuum and pressure
chambers and equilibration over solutions of known
osmotic potential.

There are relatively few instances available of suchmea-
surements beingmade in the field and even fewerwhere the
field measurements on in situ soil have been compared
with those on ‘undisturbed’ cores in the laboratory. For
these reasons, it is appropriate to highlight laboratory
methods for measurements on field soils.

Many of the methods used to measure the unsaturated
hydraulic conductivity of the soil also yield, either explic-
itly or implicitly, the soil water characteristic. Most of
these are covered in the next chapter, but one such, men-
tioned in Section 15.4.9, is Wind’s method.

15.2 Limitations and Hysteresis

Laboratorymeasurements are nearly alwaysmade on small
samples of soil. Even where those samples are truly undis-
turbed from their field state, many structural pores (e.g.
cracks or the spaces between aggregates) and macropores
(old root channels, wormholes, etc.) are rarely sampled in
soil cores but are usually within the measurement volume

of field water content sensors. The result is a bias away
from the largest pores, that is, high matric potential.

The majority of published soil water characteristic
curves are for only the primary drying curve (see
Section 2.1.2). This is mainly because much of the labora-
tory apparatus lends itself much more easily to this meas-
urement and wetting curves usually take much longer.

Fieldmeasurement, whether bymonitoring soil over the
course of the seasons or by manipulation of the water
regime (e.g. irrigation or covering the soil to exclude rain-
fall), allows observation over multiple wetting and drying
cycles, with a range of different end points, thus revealing,
in principle, many intermediate scanning curves. It may
not (particularly if only natural changes in water status
are monitored) include the primary drying and wetting
curves, however.

15.3 Determination of Soil Water Characteristics

There are two approaches to measurement of soil water
characteristics.

15.3.1 The monitoring approach

In this approach, water content and water potential are
measured simultaneously, and a soil water characteristic
for the soil built up from a series of pairs of measurements.
Themeasurementsmay bemade in the laboratory or in situ
in the field.

In the laboratory, soil samples are taken from the field
and stored in sealed containers to preserve the water
status of the samples. A measurement is then made of
the water potential by one of the methods described in
Chapters 12–14. For high water potentials, this should
be a tensiometer (small diameter ceramic cups are availa-
ble from a number of manufacturers, as well as complete
mini-tensiometers). Agus and Schanz (2005) have provided
a good review and intercomparison of four methods for
making measurements in the lower water potential
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range – non-contact filter paper, relative humidity meter,
soil psychrometer and chilled-mirror hygrometer. The
chilled-mirror hygrometer appeared to provide the most
reliable measurements, followed by the soil psychrometer,
although with no absolute standard to compare against, it
is difficult to be categorical. These two methods are the
most firmly rooted in physical theory. Agreement
between the different methods improved towards the
lower water potentials (−1000m water – −10MPa). At
the higher and more hydrologically or agriculturally rele-
vant potentials, discrepancies between the measurements
of a factor of two or more were found.

Following measurement of the water potential, water
content of the sample can be made by weighing and
oven-drying, as described in Chapter 6.

In situ measurement in the field is made by simultane-
ous measurements of water content and water potential
using instrumentation described in Chapters 6–14. The soil
volume sampled by each type of instrument is never
exactly the same, and so some uncertainty arises from this
cause. To minimise this, the water content and potential
sensors should be installed as close to one another as possi-
ble, consistent with their not interfering with one another,
that is, the water potential sensor must be outside the vol-
ume of influence of the water content sensor.

15.3.2 The imposed status approach

The alternative approach is to manipulate the soil water
status in somemanner in an attempt to impose a particular
value or series of values of either water content or water
potential and then measure the other variable. In this
way, a set of paired values of water content and potential
can be collected, and the soil water characteristic relation-
ship built up.

This approach ismore suitable for laboratory determina-
tions of the soil water characteristic than in the field,
although manipulation of water content by irrigation or
covering the soil to protect it from rainfall is possible.

In principle, measurements can be made for both
wetting and drying sequences.

15.4 Laboratory Measurements on Field Soil Samples

15.4.1 The tension table

The principle behind the tension table is that a predeter-
mined matric potential is imposed on a soil sample placed
on the table. Thematric potential is usually adjusted to the
desired value bymeans of a hangingwater column. The ten-
sion table was described briefly in Section 13.5.2. Soil sam-
ples are placed on the table and not embedded within it, as
was shown in Fig. 13.7. A layer of fine sand may be used to
improve contact between the soil and the porous bed of the
table. Potential equilibrium is achieved between the two,
although in many cases this may take several days or even
weeks. The attainment of equilibrium must be checked

periodically by weighing the soil sample. Once equilibrium
has been achieved, the sample(s) may be replaced on the
tension table, the hanging water column adjusted to a
new height, and the process repeated.

An alternative to a hanging water column is use of a vac-
uum pump, which is set to switch on or off at the appropri-
ate level. The lower surface of the porous bed is at a zero
matric potential relative to the atmospheric pressure
beneath it. So if the vacuum is set to a pressure G below
atmospheric, then the matric potential at this point will
be −G, and if the bed is of a thicknessT, thematric potential
at the top of the bed and hence at the base of the sample
when equilibrium has been achieved is −(G+T). Much
more precise control of the water potential can be achieved
with a hanging water column than with a vacuum pump
and so is preferred for water potentials close to saturation.
In most laboratories, it is difficult to achieve a hanging
water column of more than about 1.5m, however, and so
a vacuum pump may be appropriate in those circum-
stances. The lower accuracy attainable using a vacuum
pump is less likely to be a serious problem at pressures sub-
stantially below atmospheric.

Errors involved in tension table determinations
Errors in defining the precise pressure to which the sample
is subjected have been discussed in the previous paragraph
in relation to the vacuum pump. For the hanging water col-
umn, there is a small uncertainty involved in defining the
pressure as a consequence of changes in temperature of the
laboratory, thus affecting the density of water. These are,
however, likely to be very small in comparison to changes
in the soil water characteristic of the soil caused by temper-
ature changes. In the simplest case, this may be envisaged
as a consequence of change in the surface tension of water
with temperature, through the capillary rise equation
(2.1.1), but is complicated in many soils by other changes
in the interfacial relationship between the water and the
soil fabric (Hopmans & Dane, 1986). It is important, there-
fore, that the experiments be conducted in as constant a
temperature environment as possible and also that the tem-
perature be known. Ideally, this should be close to the tem-
perature obtaining in the soil, which often varies over a
substantial range, especially close to the surface.

Disturbance to the soil structure upon sampling is likely
to have a significant effect on the soil water characteristic
close to saturation, as it affectsmostly the larger pores such
as those between aggregates. Similarly, the repeated
removal and replacement of the sample for weighing can
disturb the structure, as well as cause loss of small amounts
of soil from the sample during the procedure. Some mate-
rial may also be gained if it is picked up from the bed of
the tension table.

Determination of the characteristic curve on small sam-
ples means that larger-scale structural features are not
sampled, and so the contribution of these to soil water con-
tent close to saturation will be ignored. Other features at a
scale a little smaller than the sample are likely to vary
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significantly from one sample to another nominally ‘iden-
tical’ one and so make interpretation of the bulk soil water
characteristic difficult.

The bed of the tension table determines only the matric
potential at the base of the sample, ψb. At equilibrium, if
the height of the sample is h, the matric potential at the
top of the sample is ψb − h and the average matric potential
is ψb− h 2 . If the sample height is not too large and the soil
water characteristic is reasonably linear over the height
range, then the assumption that the water content of the
sample relates to the averagematric potential is reasonable.
Where there is a sharp bend in the soil water characteristic,
however, this may not be the case. The method also
assumes, implicitly, that the soil water characteristic from
top to bottom of the sample is homogeneous. This is very
questionable, particularly close to the soil surface.

Evaporation of water from the sample during the equil-
ibration process or while weighing will introduce errors in
measurement of the water content. Therefore, it is essen-
tial that the tension table be covered, that it is not in a posi-
tion where there is a large airflow and that samples be
weighed quickly once removed from the table.

15.4.2 Haines apparatus

The Haines apparatus is very similar to the tension table.
The main difference is that the porous bed of sand and/or
kaolin is replaced by a Buchner funnel, with a porous plate.
Normally only one sample can be placed into each funnel
because of the size of funnels available (Fig. 15.1).

The funnel and sample ring sizes should be chosen such
that it is easy to emplace and remove the sample from the
porous plate. Although only one sample can be put onto
each porous plate, it is quite simple to run several funnels
simultaneously by including a manifold into the flexi-
ble tube.

Most of the comments mentioned in connection with
the tension table apply equally to the use of the Haines
apparatus.

15.4.3 Vacuum chamber

The vacuum chamber is another variant on the tension
table, in which the porous bed is replaced by a porous
ceramic plate with an air entry value of about 10m water
(1 bar). It was described briefly in Section 13.5.3 and a dia-
gram shown in Fig. 13.8. Apart from the use of a vacuum
instead of a hanging water column to impose a suction
on the sample(s), operation is, in essence, almost identical
with that of a tension table or Haines apparatus.

15.4.4 Pressure chamber

The operation of a pressure chamber was also covered
briefly in Section 13.5.3 and depicted in Fig. 13.8. Rather
than impose a suction on the water-filled pores of the sam-
ple, the air pressure surrounding it is increased, with the

water draining out via a porous ceramic disc or thin cellu-
losemembrane into a burette or similar, with a thin layer of
oil to suppress evaporation. The water collected can be
measured by this means and hence the approach to equilib-
rium monitored.

Pressure chambers are usually used for measurement of
water retention at low (<–10 m water) matric potentials.
There is usually little dependence of water content on
the soil structure at these potentials, and so disturbed sam-
ples are often used. Because the diffusivity of the soil
becomes very small at low potentials, the approach to equi-
librium is often slow, and a measurement at one pressure
could take some weeks. Because of this, it is often difficult
to be sure that equilibriumhas been achieved and the temp-
tation to cut short the experiment must be resisted. Plot-
ting the water content of the sample (or the amount of

Fig. 15.1 Haines apparatus.
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water collected in the burette) against the logarithmof time
will help to avoid a false judgement of equilibrium having
been reached. Also, to keep equilibration time as short as
possible, the height of the sample is usually quite small
(~10mm).

An implicit assumption of the technique, as with other
axis translation methods, is that the size and shape of the
pores holding the water are unaffected by imposition of a
high atmospheric pressure. This is difficult to verify.

It is difficult (though not impossible) to use a pressure
chamber to investigate the wetting branches of the soil
water characteristic, partly because of the time required
to attain equilibrium, but also because the design does not
lend itself easily to imbibingwater asopposed toexpelling it.

15.4.5 Mercury intrusion porosimetry

Another axis translation technique, suitable for measure-
ment at low potentials, relies on forcing mercury, a non-
wetting fluid, into the pores of an initially dry soil under
vacuum. For most solid materials, the contact angle with
mercury is greater than 90 , that is, the solid surface repels
themercury, in contrast with water, where wetting usually
lowers the total energy of the system. Using mercury,
pressure must be applied to force it into the soil pores. By
monitoring the volume of mercury forced into the sample
as a function of applied pressure, an estimate of the distri-
bution of pore sizes can bemade. This is similar in principle
to the operation of a pressure chamber, in which a non-
wetting fluid (air, rather than mercury) is forced into the
pores of the soil to replace water. Therefore, intrusion of
mercury into a sample corresponds with desorption of
water from it.

The basic equation relating pore radius, r, to the pressure
differential, P, across a fluid interface is given by Equa-
tion 2.1.1, which is

P = −
2γ
r
cosϕ 15 4 1

where
γ is the surface tension of the fluid (0.485Nm−1 formercury

at 25 C; cf. water 0.072N m−1) and
ϕ is the contact angle.

As with water, the contact angle is not easy to predict,
and, while it is most commonly assumed to be zero for
water, a value of 130 is often assumed for mercury, giving
a value for cosϕ of −0.643. The negative sign signifies that
the soil fabric repels mercury.

Mercury intrusion porosimeters are made by several
manufacturers. They are usually fully or partially auto-
mated and can measure over a wide range of pressures
(ca. 3 kPa to 400MPa), corresponding to pore diameters of
about 0.4–3 nm. This is equivalent to water held at matric
potentials of −70mm water (−7 hPa) to −9000m water
(92MPa). The range is much greater than can be achieved
with a pressure chamber, which can usually span matric

potentials down to −150m water (−1.5MPa) or pore dia-
meters of 190 nm.More importantly, for most hydrological
purposes, the process is much quicker, allowing the whole
range to be covered in a few hours, excluding the time taken
in sample preparation, which may be considerable. Unfor-
tunately, porosimeters are also very expensive, and the
maximum sample volume is only a few millilitres.

For rigid soils and rock, sample preparation is relatively
straightforward, requiring that it be oven-dried and out-
gassed under vacuum for a few hours. Most porosimeters
operate in two ranges to cover the wide span of pressures
used. After pumping the sample chamber to vacuum, mer-
cury is introduced to fill the rest of the volume and pressure
increased slowly. The intruded volume is monitored by
measuring the retreat of a mercury meniscus in a glass cap-
illary using the capacitance between ametal sheath around
the capillary and the mercury itself. Pressure is measured
by pressure transducers with different ranges.

The instrument may be operated in a continuous mode,
where the pressure is increased steadily and both pressure
and intruded volume are measured continuously. Alterna-
tively, a number of set pressures may be chosen and the
pressuremaintained at each for someminutes to allow both
the amount of intruded mercury and the temperature to
stabilise. The hydraulic resistance of small pores means
that it often takes some time for mercury to intrude fully
and equilibrium to be achieved (Giesche, 2006). In this
mode, a measurement cycle may take a few hours. Many
porosimeters are capable of measuring the pressure–
volume relationship while the pressure is reducing and
mercury extrudes from the sample. Hysteresis between
the intrusion and extrusion cycle is observed, as for water
in a porous medium, and some mercury is usually left in
the sample, trapped in pores that become isolated. For rigid
soils and porous rock, good agreement is often found
between porosimeter measurements and those obtained
by a pressure chamber (Bruand & Prost, 1987).

For soils containing a significant amount of swelling and
shrinking clays, the situation is more complicated, since
drying normally causes the maximum amount of shrink-
age. Techniques are available to avoid significant shrinkage
and alteration of the pore structure by freeze-drying, critical
point drying or replacement of water by non-polar liquids
(Lawrence, 1977). This would then allowmercury intrusion
experiments to produce an estimated pore size distribution
for the soil water status corresponding to that at which the
soil was dried by one of these techniques.However, because
of shrinkage, this cannot be expected to agree with the soil
water characteristic. Lawrence et al. (1979) found consider-
able change in the pore size distribution resulting from
freeze-drying (rapid freezing of the soil by immersion in liq-
uid nitrogen, then drying under vacuum so that water is
removed by sublimation). This was attributed to disruption
caused by growth of ice crystals. Less disturbance was
caused by critical point drying (replacement of water by
methanol, then the methanol replaced by liquid carbon
dioxide, which is evaporated).
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15.4.6 Centrifuge method

Rotating any body in a centrifuge is equivalent to increa-
sing the gravitational force acting on it. The relation
between the acceleration, f, speed of rotation, s, and dis-
tance from the centre of rotation, r, is given by (Fig. 15.2)

f = 4π2s2r 15 4 2

This is equivalent to increasing the force of gravity at
that point by a factor 4π2s2r/g, where g is the acceleration
due to gravity. This principle forms the basis of the centri-
fuge method, which effectively increases the gravitational
force on the sample, and so allowsmore water to drain from
it against capillary forces. A schematic diagram of the
arrangement of a soil sample in a centrifuge is shown in
Fig. 15.2.

At the distance r from the centre of rotation, the accel-
eration experienced by the water in the soil is given by
Equation 15.4.2. This must be balanced at equilibrium by
the gradient of matric water potential, which, in compati-
ble units, is

ρwg
dψm

dr
= 4π2s2rρw 15 4 3

where the density of water, ρw, has been introduced on the
right-hand side to convert the acceleration to a force per
unit quantity of water. Integrating both sides with respect
to r gives

ψm r −ψm r3 =
4π2s2

g
r2−r32 15 4 4

But if water is to drain from the porous ceramic, the
matric potential, ψm(r3), at this point must be zero. Hence

ψm r =
4π2s2

g
r2−r32 15 4 5

Because the matric potential varies quadratically, the
average matric potential in the sample is not located at
the midpoint nor is it the average of that at the top and bot-
tom end of the sample (‘top’ and ‘bottom’ here referring to
the ends nearest and furthest away from the axis of rota-
tion). In some investigations, there is no ceramic plug at
the base of the sample. Under these circumstances, the
matric potential at the bottom of the sample is zero and
that at the top is 4π2s2 g r12−r32 , while the average is
4π2s2 3g r1−r3 r1 + 2r3 , which is lower than the mean
of the potential at the top and bottom surfaces since
r1 + 2r3 3 > r1 + r3 2. The range of water potential is,
however, large. Nevertheless, Reatto et al. (2008) obtained
very good agreement between soil water characteristics
obtained by this method and with those using a pressure
chamber even though their centrifuge method imposed
zero matric potential at the bottom of the sample. Khan-
zode et al. (2002) also found similar results for both meth-
ods using repacked silt and clay soils. Some significant
differences between the methods were attributed to differ-
ences in dry bulk density, although compaction as a result
of the large forces imposed could not be ruled out. In this
case, the samples were placed on a ceramic cylinder, which
would have reduced the range of potentials in the samples.

Commercially available centrifuges are obtainable in
different sizes and maximum speeds. Most, however, can
spin at up to several thousand revolutions per minute
(divide by 60 to obtain revolutions s−1 for use in the above
formulae), with radii up to 300mmormore.With the larger
and faster centrifuges, this can comfortably exceed the nor-
mal range of the pressure chamber of −150mwater. Centri-
fuges usually have temperature control which allows
measurements to be made different temperatures. Non-
rigid soils may compress under the high acceleration, lead-
ing to some change in pore structure and therefore the soil
water characteristic.

15.4.7 Vapour equilibration over aqueous solutions

The procedure for calibration of filter papers for water
potential measurement was briefly outlined in Section
13.7.1. The method is also suitable to bring a soil sample
to a defined potential in the very dry range. Very good tem-
perature control is necessary and equilibration times are
often long, perhaps a fewweeks, even with a sample of only
a few grams. Because the practical size of a sample is so
small, the soil must be disturbed, although intact small
aggregates (crumbs) can be used. Apart from a very accurate
balance weighing to better than 1 mg, no other special
equipment is necessary, although a good desiccator is an
advantage to contain the aqueous solution and the samples.
The samples must be held close to, but not in contact with,
the liquid. For most purposes, mercury intrusion porosime-
try or the centrifuge method will give results much more
quickly at the dry end of the water content range, although
vapour equilibration is capable of achieving considerably
lower water potentials than either of these methods.

Fig. 15.2 Schematic diagram of a centrifuge to measure the
soil water characteristic.
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It should also be borne in mind that, since equilibration is
via the vapour phase, the sample’s osmotic plus matric
potential will come to equilibriumwith the osmotic poten-
tial of the solution and so any salts in the sample will have
an effect on the water content achieved.

15.4.8 Controlled osmotic pressure

In many ways, this method is the reverse of the osmotic
tensiometer (see Section 14.3). The sample is allowed to
come into equilibriumwith a solution of high osmotic pres-
sure, usually polyethylene glycol (PEG), through a semiper-
meable membrane, often made from dialysis tubing. Most
soil solute ions can pass through this, but the PEG mole-
cules, being much larger, cannot. The method therefore
imposes a known matric potential on the soil.

Dialysis membranes are fragile andmust be treated with
great care to avoid puncturing them; they are also prone to
microbiological degradation, which limits their useful life.
Zur (1966) found that it was necessary to sterilise the soil
before making the measurements. A schematic set-up is
shown as Fig. 15.3.

Since the method is useful at low water contents, where
the soil water diffusivity is very small, the approach to equi-
librium may be slow. The samples need, therefore, to be
thin. Zur (1966) used samples 9.5mm thick and 16mm
diameter, with a double cellophane membrane separating
it from the osmotic solution on each side. Equilibrium
was attained in 72 hours, about the same time as required
in a pressure chamber. The relatively small volume of solu-
tionwas changed several times to counteract dilution of the
solution.

Waldron and Manbeian (1970) packed samples into a
14.3-mm-diameter length of dialysis tubing and suspended

this in a 7-L bath of stirred PEG 6000 solution at a range of
concentrations at a constant temperature. They claimed to
achieve equilibrium within 48 hours and obtained results
which compared well with those derived by conventional
methods for a range of soils.

15.4.9 Monitoring of the evolution of water status

All of the methods described so far aim to impose a known
or series of known water potentials on the soil sample.
Wind (1968) took a different approach.

In brief, Wind (1968) instrumented a soil column with
matric potential sensors (in his case nylon/gypsum resist-
ance blocks) at several depths. The column was saturated,
the bottom end closed off, and the water in the column
allowed to evaporate in the laboratory environment. The
columnwas weighed periodically to determine the amount
of water lost.

Since water could be lost from the column only through
the top surface of the soil, the water flux at that point was
known.Wind started with an assumed soil water character-
istic drying curve and used this to make a first estimate of
the water content as a function of time at each depth at
which a sensor was installed. Wind used a similar method
to estimate the change of water content in each layer
between sensors as described in Section 7.9.2. The accumu-
lated water flux at each measurement depth between read-
ing occasions was calculated, starting with the deepest
measurement depth. Since there was no water flow across
the bottom of the column, the accumulated water flux
across this depth was equal to the change in water storage
of this layer. Similarly, the accumulated flux across the
next deepest measurement depth was equal to the change
in water storage of the bottom two layers. The total change
of water content of the whole column could therefore be
calculated and compared with the change in mass of
the column. Since the former was based on an estimate
of the soil water characteristic, the two would not be
expected to agree.Wind thereforemultiplied thewater con-
tent at each potential measurement point of the estimated
soil water characteristic by the ratio of the total measured
water content change of the column to that calculated from
the potential measurements. This was done for all of the
measurement occasions, producing a fairly large number
of data points, through which a corrected soil water charac-
teristic curve could be drawn. This curve was used with the
same experimental data to produce another improved esti-
mate of the soil water characteristic. After four or five itera-
tions, a stable curve emerged which agreed very well with
the curve measured by conventional methods.

For his experiments, Wind used a 400-mm-long column
of repacked soil, although he recommended ones not longer
than 200mm be used. The method depends on homogene-
ity of the soil, so that the soil water characteristic is
the same at all depths. For field samples, much shorter
(50-mm) columns can be used, together with automatic
recording of the tensiometers and sample mass. Wind used

Fig. 15.3 Schematic of apparatus for controlling the water
potential of a soil sample by osmosis.
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freehand graphicalmethods to estimate the soil water char-
acteristic, but with digital recording and modern compu-
ters, a suitable parameterised equation, as discussed in
Section 15.6, is more commonly used, with non-linear fit-
ting of the parameters to obtain a best fit.

With more modern equipment, the water content at
each depth can be measured by, for instance, TDR, and
more accuratewater potentialmeasurements can bemade –
in the wet range by tensiometers and in the drier range by
one of themethods described in Chapter 14. Schindler et al.
(2010) used a modification of Wind’s method with high-
capacity tensiometers (Section 14.4) at two depths to obtain
both soil water characteristics and unsaturated hydraulic
conductivity functions for a wide range of soils. No water
content measurements other than monitoring the column
weight were made. Experiments for samples 50mm high
and 80mmdiameter took a few days each to cover the range
of water potential down to −29 to −43m water, where the
tensiometers broke down.

15.4.10 Controlled liquid volume

Instead of imposing a particular water potential on a soil
sample, its water content may be controlled, although
themethod is not commonly used, probably because exces-
sive time is needed for undisturbed samples to achieve
equilibrium.

Winfield and Nimmo (2002) describe an apparatus for
making measurements on undisturbed soil samples.
A sample, covered to prevent evaporation, is mounted on
a porous plate with an air entry value higher than the
expected absolute value of matric potential. A two-way
tap allows a predetermined volume of water to be intro-
duced into thebottomof the soil samplevia theporousplate.
The tap is then turned to connect the porous plate to a
pressure transducer, which monitors the change in water
potential until equilibrium is achieved. A tensiometer close
to the upper surface of the sample would appear to be a use-
ful addition to confirm whether equilibrium had actually
beenachieved.Themethodcanbeusedequallywell tomon-
itor the soil water characteristic along a drying curve by
connecting the burette to a vacuum pump, allowing water
to be withdrawn from the sample.

15.5 Field Measurement of Soil Water Characteristics

The last section focussed on laboratory measurements
that are suitable for making measurements of soil water
characteristic curves on disturbed or ‘undisturbed’ field
samples. Collecting such information in the field is diffi-
cult, and there are few published examples, with the result
that most curves in the literature have been obtained in the
laboratory with the hope that this applies to field soils. As
mentioned earlier, there is a paucity of published compar-
isons between laboratory-measured and field-measured
curves.

Reasons for a significant difference between the two
approaches include the following:
• It is difficult to collect truly undisturbed samples of soil,
particularly of a size suitable for most laboratory methods.
• Large structural features, particularly macropores which
are spatially continuous over distances of up to several
metres, are difficult if not impossible to preserve or repli-
cate in the laboratory.
• While, in principle, it is possible to conduct laboratory
experiments at almost any desired temperature, in practice
they are almost always performed at an approximately con-
stant temperature in the range 18–25 C. In the field, tem-
perature changes on a diurnal and seasonal basis, often
over a large temperature range, and, depending on geo-
graphical location, the average temperature may be well
above or below that range.
• It is difficult to replicate the composition of the soil
solution, which may have a significant effect on the
soil’s hydraulic properties and which itself changes in
response to both natural and artificial (e.g. agricultural)
influences.

From the foregoing, it should be clear that there may be
systematic differences between laboratory- and field-
measured hydraulic properties but also that there is
unlikely to be a unique curve that will characterise the soil,
even at a particular depth. In addition:
• Spatial variability of soil properties means that the rela-
tionship may vary dramatically from place to place.
• The range of water status observed in the field is often
much more restricted than can be achieved in the labora-
tory. This may or may not be important, depending, for
instance, on whether knowledge of the pore sizes not
sampled is needed for modelling the transport behaviour
of the soil or if predictions are needed for particularly wet
or dry conditions.
• The sensors used for water content and water potential
measurement almost always average over different soil
volumes and are usually separated spatially from one
another.

Field measurements, therefore, have the advantage of
being carried out on soil in its natural state and in associa-
tionwith other aspects of its local environment. Laboratory
measurements, on the other hand, are usually made on a
limited number of small samples which may or may not
be representative of the range of properties found in the
field situation, but which can be measured individually
to great precision.

The actual process of measurement is quite straightfor-
ward and can be summarised as ‘install sensors to measure
water content and potential at the desired depths, make
measurements as often as practicable and see what
emerges’. The instruments may well be installed for other
monitoring purposes in any case, for instance, for
agronomic monitoring or to measure water and/or
solute balances, so obtaining soil hydraulic property infor-
mation serves to extend the usefulness of the instru-
ment array.
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In principle, any of the water content and water poten-
tial sensors described in Chapters 7–14 may be used. Some
general recommendations are:
• Place the different kinds of sensor as close to one another
as is practical, consistent with their not interfering with
one another either hydraulically or by affecting the meas-
urement principle.
• If possible, install replicate sets of instrumentation, so
that an estimate of spatial variability is available.
• It may be necessary to install more than one type of sen-
sor to cover the full range of water status experienced; for
example, tensiometers for high water potentials and a
porous matrix sensor for lower ones, bearing in mind that
the latter has much lower accuracy.

It should be clear from the discussions above that, while
almost all laboratory procedures are of the imposed status
type, field measurements employ almost entirely the mon-
itoring approach. Manipulation of soil water status in the
field is possible, for instance, by irrigation or excluding rain-
fall, and hence extending the range of conditions, achieving
a targetwater potential orwater contentwith any accuracy,
is, in most situations, impossible.

Some practical examples of field-measured soil water
characteristics will now be given.

15.5.1 Neutron probe with manual tensiometer
measurements

Because of the large measurement volume of the neutron
probe, a tensiometer cannot be placed safely closer than
about 0.5m away. There may, therefore, be problems
caused by the twomeasurements being in somewhat differ-
ent environments, particularly if there is significant spatial
variability at this scale. Water-repellent soils and others
where fingering is induced are an obvious such situation.
Likewise, there can be a problem when a wetting front
penetrates the soil. The large measurement volume means
that the neutron probe is likely to detect the presence of the
wetting front before the tensiometer at the same depth, sug-
gesting thatwater content rises before a concomitant rise in
potential resulting in a hysteresis loop going in the opposite
direction from those depicted in Fig. 2.3. Good data can,
however, be obtained using such a pairing, as illustrated
in Fig. 15.4.

The two sites illustrated in Fig. 15.4 show a large con-
trast both with depth and between the sites. Although
the absolute water content at all depths and matric poten-
tials in (a) is much higher than in (b), the scale increment
for each is identical. Site (a) exhibits a transition from a
fairly wide pore size distribution in the soil at 0.2m,
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Fig. 15.4 In situ soil water characteristics measured at two grassland sites in southern England: (a) a thin (~0.2-m) soil over chalk and
(b) a sandy loam overlying sand. From Cooper et al. (1990). © 2006 of John Wiley & Sons.
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through weathered chalk (0.4–1.0m) to essentially fresh
chalk at 3.0m. The last has storage in fractures only at
matric potentials down to about −0.25 m water and loses
no more water until matric potential falls below −10 to
−30m water. Site (b) also shows a transition from loamy
soil above 1m to unconsolidated sand beneath. At all
depths, however, much more water is released for a given
change inmatric potential than at site (a). Site (b) also illus-
trates that the range of water potential observed can be
very restricted.

15.5.2 Other separate combinations

In principle, any of the methods described in Chapters 7–9
for water content and Chapters 12–14 for water potential
measurements at a ‘point’ can be paired to produce soil
water characteristic relations. For instance, Mahmood-ul-
Hassan and Gregory (2002) used both neutron probes with
puncture tensiometers read manually and Theta Probes
with pressure transducer tensiometers recording half-
hourly. Some of the soil water characteristic curves they
derived are shown in Fig. 15.5.

Note that the hysteresis loops for three of the depths are
in the opposite sense to those illustrated in Fig. 2.3 which
are generally accepted as being of universal applicability.
Mahmood-ul-Hassan and Gregory (2002) speculated that
this might be associated with the dual porosity nature of
the soil. However, two other explanations seem equally
likely. The 0.5-m lateral separation between the tensi-
ometers and the Theta Probes may mean that the tensi-
ometers were fortuitously placed in a location where the
soil wetted slightly later than the location of the associated
Theta Probe. Alternatively, the wetting may well have pro-
ceeded at a rate too quickly for the tensiometers to respond
fully. In the case of the 60-cm tensiometer, wetting starts at
a low potential, where there is a very good chance of there
being a significant amount of air in the tensiometer. In addi-
tion, the tensiometers were embedded into chalk slurry
during installation, which may have provided a low con-
ductivity barrier around the cup. Either of these effects
would slow down the tensiometer response.

Similar studies have been published by Arya et al.
(1975a), who used gravimetric samples with tensiometer
measurements in the field to obtain good (although rather
noisy) agreement with conventional soil water characteris-
tic measurements; by Watson et al. (1975), who used fre-
quent gamma ray transmission and pressure transducer
measurements collected automatically from an isolated
soil monolith in the field to resolve a single hysteresis loop;
and by Royer and Vachaud (1975), who were able to resolve
substantial hysteresis loops from field-measured water
content and potential using daily neutron probe measure-
ments and automatically recorded pressure transducer
tensiometers (Fig. 15.6).

15.5.3 Combined water content and potential sensors

Baumgartner et al. (1994) and Whalley et al. (1994) both
described a combined TDR and soil matric potential sensor
usingmetal tubes to act also as the TDR rods. In the former,
the porous barrier for the tensiometer part was a short
length of porous stainless steel tube and in the latter, small
diameter porous ceramic cups. In both cases, the tensi-
ometerwas of the puncture type (Section 12.5.5). Themajor
advantage of the design is that, although both the TDR and
the tensiometer parts do not measure in the same volume
of soil, they are very close to one another (with some over-
lap in the case of Baumgartner et al.’s (1994) design). As a
result, the instruments produced much better-defined soil
water characteristic curves than those using separated sen-
sors. A diagram ofWhalley et al. (1994)’s design is shown in
Fig. 15.7, with an example of a hysteresis curve for a sandy
loam soil produced by it in Fig. 15.8. Whalley et al. (1994)
used the instrument to measure the hydraulic conductivity
as a function of matric potential in the field.

A similar arrangement of a tensiometer cup fixed to
the end of a TDR probe was described more recently by
Karunarathna et al. (2010). In this case, the TDR probe was
similar to that of Nissen et al. (1998) and shown in Fig. 8.25.
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Noborio et al. (1999) used TDR to measure both the
water content of the soil and that of a porousmatrix located
on different portions of the length of the rods. The rod spa-
cing and diameter was different in the two parts to allow a
clear distinction to be made of each on the TDR trace. Vaz
et al. (2002) also used TDR in a combination probe. Their

version used a coiled TDR probe wrapped around a tensi-
ometer cup. The relationship between TDR travel time
and relative permittivity of the medium is different from
that of rods buried completely in the medium because of
the presence of the ceramic cup. The permittivity of the
ceramic cup was also found to vary with matric potential.
Good agreement between soil water characteristics and
those determined by conventional means was found in lab-
oratory tests, although the region of influence of two wires
3mm apart wrapped around a cylinder is presumably very
small and likely to be subject to disturbances caused by the
installation process in the field.

Sun et al. (2010) used a commercially available stainless
steel-bodied pressure transducer tensiometer to measure
both water content and water potential in a laboratory

Ceramic cup

Aluminium clamp

Cup and plug

Coaxial cable

Rubber septum or
pressure transducer

Fig. 15.7 Diagram showing the arrangement for a combined tensiometer and TDR water content sensor (Whalley et al., 1994). From
Whalley et al. (1994). Reproduced with permission from Elsevier.
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setting. The 37-mm-long metal body formed an aerial for a
100-MHz wave which radiated into the surrounding
medium. The permittivity of the material was calculated
from the impedance offered by themedium to the radiation.
Laboratory tests were promising. The water content and
matric potential sensing portions of this design are not
coincident, but, as with the Baumgartner et al. (1994) and
Whalley et al. (1994) instruments, very close to one
another. For field use, the device would need to be installed
horizontally (or almost so) to eliminate vertical gradients in
water status.

15.6 Parameterising the Soil Water Characteristic

Formany purposes, it is useful, and for some essential, to be
able to express the soil water characteristic as a mathemat-
ical relationship between water content and matric poten-
tial. A large number of relationships have been suggested,
but by far the most common is that attributed to van
Genuchten (1980). Van Genuchten’s expression is

θ = θr +
θs−θr

1 + αh n m 15 6 1

where
θr is known as the residual water content;
θs is the saturated water content;
h is the matric potential expressed as a positive number,

that is, h= ψm , and
α, m and n are parameters used in the fitting.

The residual water content, θr, is supposed to be the
water content of the soil at some very low water potential,
that is, the water that remains after all the other water
which can be extracted has been removed. For this reason,
it is often assumed to be zero.More commonly, recognising
that the expression is usually fitted to data from a limited
range of water content or potential, it is treated as an addi-
tional fitting parameter with little or no physical
significance.

The equation has proved successful for fitting a very
wide range of experimentally obtained soil water character-
istic curves and offers considerable flexibility with a rela-
tively small number of parameters. It is described as
closed form because it is composed of a finite number of
simple functions. It is also relatively easily manipulated
mathematically, especially if it is assumed that
m−1 + 1 n is an integer (van Genuchten, 1980). Fre-
quently, this is assumed equal to zero, that is,
m= 1− 1 n , thus reducing the number of parameters by
one while sacrificing relatively little flexibility.

The equation does not provide for an air entry potential
for the soil, but it can be modified simply to do so. Hyster-
esis in the θ − ψ relationship (Kool & Parker, 1987; Luckner
et al., 1989) can also be described within the framework of
the van Genuchten equation.

For some purposes, simpler equations are appropriate,
that of Brooks and Corey (1964) being the most common.
Brooks and Corey’s equation is

θ−θr
θs−θr

=
ψa

ψm

λ

15 6 2

where
ψa is the air entry potential of the soil and
λ is a ‘pore size distribution index’, which is usually in the
range of 2–5.
Small values of λ are characteristic of soils having a wide

distribution of pore sizes, while a large value characterises a
soil with quite uniform pore sizes.

The other variables are the same as for Equation 15.6.1.
Parameterisation of the soil water characteristic facili-

tates similar parameterisation of the hydraulic conductiv-
ity relationship (Section 16.2), as well as simultaneous
estimation of both the soil water characteristic and unsat-
urated hydraulic conductivity (Section 17.13).

15.7 Predictive Methods

Because of the time and expense involved inmeasuring soil
water characteristics, much attention has been given to
predicting the relationship from more easily measured soil
attributes. This is usually the particle size distribution of
the soil butmay also incorporate bulk density, organicmat-
ter content or other factors. The resulting relationships
relating these attributes of the soil to its hydraulic proper-
ties are known as pedotransfer functions.

At its simplest, these are derived from multiple regres-
sion analysis between the particle size distribution of a
number of soils and their measured hydraulic properties.
These can then be used to predict the hydraulic properties
of another soil whose particle size distribution is known.
The soil water characteristic may be expressed as the water
content at a series of different matric potentials or as the
parameters of a model relating the two, such as that of
van Genuchten (1980). More sophisticated techniques
include neural network techniques and more advanced sta-
tistical methods to predict hydraulic properties. Recent
studies include those of Schaap et al. (2001), Pachepsky
and Rawls (2003), Rubio et al. (2008), Al Majou et al.
(2008a, b) and Dashtaki et al. (2010).
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16 Hydraulic Conductivity
Measurement and Prediction

16.1 Introduction

The hydraulic conductivity, K, expresses in quantitative
terms the ease with which water can flow through the soil
from one place to another. It relates the flux, q, of water to
the gradient of water potential, dψ/dz as

q= −K
dψ
dz

16 1 1

This was explained in Section 2.2.1 and Equation 16.1.1
repeats Equation 2.2.1. Because the flux is a volume per unit
area per unit time, it has dimensions of a velocity, and the
gradient of potential is dimensionless if ψ is in head (i.e.
length) units, so K will also have dimensions of velocity
(m s−1 or m d−1). Very often, the gradient of water potential
and the soil water flux is in one direction only, usually ver-
tical. It should, however, be borne in mind that the subsur-
face environment is actually three dimensional and that
both the hydraulic gradient and water flux at any point
has components in threeorthogonal directions.Thehydrau-
lic conductivitymaybeanisotropic, that is, its valuemaybe
different in different directions because of layering, clay
platelet orientation or a sloping surface. If the direction of
measurement does not coincide with one of the principal
axes of the hydraulic conductivity, then the water flux is
not parallel to the potential gradient. In the saturated zone,
anisotropyhasbeenstudiedextensively, but forunsaturated
conditions, there is very little information about themagni-
tude of anisotropy and how itmight vary with water status.
Equation 16.1.1 is readily extended to anisotropic condi-
tions, but in view of the practical difficulties in making rel-
evant measurements in the field or on field soils, it will not
be considered further, and we will confine ourselves to the
one-dimensional case as embodied in Equation 16.1.1.

Like the measurement of soil water characteristics,
hydraulic conductivitymaybemeasured bothby amonitor-
ing approach or by imposing conditions on the soil, in this
case usually a known flux ofwater.However, it ismore con-
venient todivide theavailablemethodsbymeasurements in

which the flow paths are constrained by an external barrier,
such as a sample ring or a collection cylinder for largemono-
liths, and those where there is no such constraint and mea-
surements aremade in the natural field environment. In the
former case, the soil is usually removed from the field and
measurements made in a laboratory or other indoor space,
although not always. There is, however, some overlap
between methods for confined and unconfined measure-
ments. For instance, imposition of a constant flux at the sur-
face can be done over a small area in the case of confined
samples, but a large area is needed in an unconstrained field
situation to achieve very similar conditions. A further sub-
division is possible into methods suitable for measurement
of saturated and unsaturated hydraulic conductivity.

16.2 Predictive Models of Hydraulic Conductivity

In common with measurement of soil water characteris-
tics, measurement of hydraulic conductivity is both time
consuming and expensive, especially at the drier end of
the range. This is doubly the case for in situmeasurements
in the field, where for highly permeable soils, measure-
ments at or near saturation are also difficult. As a result,
predictive methods have been developed to provide input
to models of soil hydraulic behaviour where experimental
data is unavailable or inadequate. Such models provide
not only a convenient, albeit often untested, way to obtain
data on soil hydraulic properties. They are also a means for
fitting measured data into easily manipulated equations to
predict system behaviour, for extrapolating measurements
beyond the observed range and to provide a framework to
convert experimental observations into hydraulic conduc-
tivity estimates. For this last reason, these models will be
discussed first.

16.2.1 Empirical models

As with soil water characteristic functions, several rela-
tionships have been proposed to relate the hydraulic
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conductivity of soil to either its water content or its matric
potential. These include:

K =Ks
ψa

ψm

μ

16 2 1

(Brooks & Corey, 1964)
and

K =Kseαψm 16 2 2

(Gardner, 1958; Wooding, 1968).
Note that α in (16.2.2) is different from α in van

Genuchten’s Equation 15.6.1.
Comparison of the Brooks and Corey Equation with

that of the same authors for the soil water characteristic,
Equation 15.6.2, shows that Equation 16.2.1 can be
expressed equally well in terms of water content. Many
other simple and less simple empirical equations have been
proposed, details of which can be found in standard soil
physics texts, and some of which will be encountered later.

16.2.2 Capillary models

Topredict the hydraulic conductivity relation fromother soil
properties, severalauthorshaveconceivedthepores inthesoil
asshortcapillarytubesinwhichflowcanbecomputedaccord-
ing toPoiseuille’s Law.These are assumed tobematched ran-
domlywith one another and the flow paths, rather than being
straight, become increasingly tortuous as water content
reduces. Examples of these models are due to Childs and
Collis-George (1950), Burdine (1953), Marshall (1958), Milli-
ngtonandQuirk (1959, 1961)andMualem(1976).Thesemod-
els all have a similar form with relatively minor differences
between them. Themost commonly used versions are those
of Mualem and Burdine. Mualem’s equation is

K =KsΘ
1
2

Θ

0

1
h Θ

dΘ

1

0

1
h Θ

dΘ

2

16 2 3

And Burdine’s equation is

K =KsΘ2

Θ

0

1
h2 Θ

dΘ

1

0

1
h2 Θ

dΘ
16 2 4

where Θ=
θ−θr
θs−θr

(see Section 15.6).

The exponent of 1/2 or 2 for Θ in these equations is a
tortuosity factor. It is sometimes replaced by a different
number or left as a free parameter when fitting the equa-
tions to experimental data (Hopmans et al., 2002b). If the
theory behind the various models were entirely correct,
then the equations would be expected to predict the satu-
rated hydraulic conductivity, Ks, correctly. In practice, it

is found that there are usually very large discrepancies
and so a matching factor is used. A matching factor of Ks

is very often not appropriate, particularly for field soils
which exhibit aggregation and macropores. The equations
are, therefore, often adjusted to incorporate a matching fac-
tor at a small negative potential or at a value of around
−0.2m water, which approximates a field capacity value
(Rajkai et al., 2004). Many authors, however, continue to
use Ks as a matching factor, most often inappropriately.

The van Genuchten soil water characteristic model,
Equation 15.6.1, can be used to solve for h as a function
of Θ in either of the above two equations to give

Mualem

K =Ks

1− αh n−1 1 + αh n −m 2

1 + αh n m
2

16 2 5

or

K =KsΘ
1
2 1− 1−Θ

1
m

m 2
, m = 1−

1
n

16 2 6

Burdine

K =Ks
1− αh n−2 1 + αh n −m

1 + αh n 2m 16 2 7

or

K =KsΘ2 1− 1−Θ
1
m

m
, m= 1−

2
n

16 2 8

Apart from requiring a matching factor, these equations
involve no extra parameters than the vanGenuchten (1980)
soil water characteristic Equation 15.6.1, which allows
both the soil water characteristic and unsaturated hydrau-
lic conductivity functions (often described together as the
hydraulic properties) to be described mathematically by
five parameters – θs, θr, Ks (or another matching factor),
α and n (or m) – six if tortuosity is also a free parameter.

They also mean that having a soil water characteristic
curve and one value for the hydraulic conductivity at some
point on it, the hydraulic conductivity can be predicted.
This may appear too good to be true and it often is, but
nevertheless, like the use of pedotransfer functions
(Section 15.7), they allow at least a first approximation to
the hydraulic conductivity function to be derived for areas
where no other information is available. Indeed, soil water
characteristics derived from pedotransfer functions are
often used, together with one of the predictive equations
above, to predict the complete hydraulic properties of a soil
for which only rudimentary particle size data may be avail-
able.While this is no substitute for propermeasurements of
hydraulic properties, provided that the (very wide) limita-
tions of the methodology are recognised, useful results
can be obtained at a survey or ‘ballpark figure’ level for a
range of environmental and agronomic purposes.
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17 Hydraulic Conductivity
Measurement of Confined
Soil Samples

17.1 Isolation of Well-Defined Soil Volumes

Soil samples for laboratory measurements are usually
taken from the field in sleeves of metal, plastic or glass
fibre-reinforced plastic. Hydraulic conductivity is more
sensitive to disturbance of the soil structure than is the soil
water characteristic, especially close to saturation. Great
care is required, therefore, to avoid such disturbance.
A further danger is the creation of a fast bypass route for
water between the soil and the container wall. Samples
obtained are not necessarily small cores taken by one of
the methods described in Chapter 6. With care, heavy
lifting machinery and considerable effort, large monoliths
can be excavated from the field of dimensions approaching
about 2m long and 1m diameter. There are two basic
approaches:
• The first upscales the collection of known-volume cores,
as described in Section 6.2.2. A cylinder of steel, glass fibre-
reinforced plastic or other suitable material of the desired
size is mounted on a steel cutting edge, bevelled on the out-
side and with an inner diameter equal to that of the cylin-
der. The cylinder must have as smooth an inner surface as
possible. One or more hydraulic jacks, capable of exerting a
downward force of several tonnes, are used to press the cyl-
inder into the ground. To provide a reaction for the jack,
heavy-duty ground anchors or a heavy vehicle may be used.
As the cylinder goes into the ground, the soil around it is
excavated a little beyond the cutting edge and the soil sur-
rounding it pared back to just outside of the cutting edge.
This eliminates friction on the outside of the cylinder
and that the cutting edge encounters as little resistance
as possible. There will still be friction between the inside
of the cylinder and the soil. Any compression of the soil will
be clear from a difference in the ground level within and
outside the cylinder. Once the desired depth has been
reached, the bottom edge of the monolith is separated from
the underlying material. In some soils, there is enough fric-
tion between the monolith and the inside of the collecting
cylinder to retain themonolith inside the cylinder. If this is
the case, then supporting the weight of the cylinder on a

small crane or a tripod with lifting chains allows manual
digging of the soil from beneath the cylinder. Themonolith
can then be lifted out of the ground and the bottom
trimmed flush with the bottom of the cylinder. A cover
should be placed on the bottom of the cylinder and fixed
securely to prevent disturbance of the sample during trans-
portation. Jacking a metal plate under the cutting edge
while the soil inside the cylinder is still attached to the
underlying material is safer. Fixing this plate securely to
the cylinder then ensures that the monolith cannot slide
out of the collecting cylinder. The procedure is clearly labo-
rious, the equipment is expensive and there are potential
hazards from the mass of the equipment and the sample
as well as collapse of the necessary excavation. Belford
(1979) describes a procedure for collecting monoliths of
0.8m diameter and 1.35m length using these principles.
For this size of monolith, a 10-tonne hydraulic jack was
needed to provide sufficient force to drive the cylinder into
the ground, and the monoliths collected weighed about
1.45 t. Cameron et al. (1992) questioned whether a ‘close-
fitting’ sleeve prevented flow down the sides of a monolith.
Their procedure was similar to Belford’s (1979), except that
the cutting ring inside diameter was smaller than that of
the collecting cylinder and the fewmmgap around the edge
was filledwith petroleum jelly (petrolatum) heated to about
50 C to liquefy it. Once cooled and set, it provided an effec-
tive seal. Measured saturated conductivity of smaller cores
was about half that for an unsealed core, and the time to
breakthrough of a tracer was about twice as long, providing
strong evidence for edge flow past the unsealed core.
Takamatsu et al. (2007) described a similar procedure to
collect 1.5-m long by 0.8-m diameter monoliths in a tita-
nium cylinder. In their, case, they used a large screw auger
outside the cylinder wall and adjustable cutting teeth at the
bottom of the auger to ensure an exact fit of the core inside
the cylinder.
• The alternative approach is suitable for cohesive soils
that can remain intact without support for short periods.
It is also more suitable for soils containing large stones or
rocks or those which may compress as a result of friction

Soil Water Measurement: A Practical Handbook, First Edition. J. David Cooper.
© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.

FOR REFERENCE PURPOSES ONLY



between a collecting sleeve and themonolith. A pedestal or
column of soil is formed by excavating soil around it to
leave the pedestal free standing. The pedestal should be
formed quite roughly at first and larger than the desired
final size. It can then be carved carefully to the final size.
Before separation from the underlying soil, the pedestal is
encased in a jacket of supporting material. A resin layer
(e.g. polyester or epoxy) should first be coated onto the ped-
estal to prevent water transfer across the vertical face. This
may penetrate a little way into the monolith, and so the
first coat should be done sparingly. Two or three coats
should, if possible, be applied. There are two or three
options at this stage. Themonolithmay bewrapped in glass
fibre matting and polyester or epoxy resin used to bond it.
Successive layers are built up until the structure is rigid
enough for it to be separated from the underlying material
and transported without disturbance. Alternatively, a rigid
cylinder, of larger diameter than the pedestal, is slipped
over it and the space between the two filled with a rigid
material which can be cast in situ, for example, plaster of
Paris, concrete or expanding polyurethane foam. Themate-
rial should preferably be impermeable in case the coating
around the pedestal is not complete. In some cases, the
pedestal cannot bemade a regular shape because of large fis-
sures, rocks or other features. This is not a great disadvan-
tage, although it helps subsequent data analysis if the shape
of the pedestal is recorded before encasing.

In either of themethods described here, the separation of
the monolith from the underlying material is not the only
option. In some situations there are advantages in leaving it
in contact with its natural surroundings, although that pre-
cludes collection of drainage water from the bottom of the
column and other measurements may be more difficult
away from laboratory facilities.

Once the sample has been collected, it may be instru-
mented in a variety of ways. Tensiometers, porous matrix
sensors, solution samplers, TDR or capacitance-type
probes, thermometers, etc., may all be inserted relatively
easily through the side wall of themonolith. Irrigation, illu-
mination or coverage of the upper surface to prevent water
flux across it can all be accomplished. If it has been sepa-
rated from its underlying material, the monolith can also
be weighed, a hydraulic potential imposed on the bottom
and the outflow collected. This opens up a myriad of exper-
imental opportunities other than hydraulic conductivity
measurement, considered further in Section 24.3.8.

17.2 Instrumentation

The amount of instrumentation installed clearly depends
not only on its availability but also on the size of the soil
sample. To satisfy Equation 16.1.1, the minimum require-
ment is a knowledge of the water flux and the potential gra-
dient. These may not, however, be measured explicitly. For
unsaturated conditions, the hydraulic conductivity must
be related to the water status of the soil – water content

and/or matric potential. As a general rule, the more vari-
ables that are measured, the less likely it is that erroneous
or misleading hydraulic conductivity values will be
obtained.

For very small samples, only conditions at the upper
and lower surface can be either monitored or controlled.
For slightly larger ones of greater than about 20-mm height
and diameter, a single tensiometer with a cup of a few mm
diameter can be inserted into the side. Longer and
wider columns allow the installation of TDR probes and
tensiometers or porous matrix sensors at several depths,
facilitating the estimation of hydraulic conductivity as a
function of depth and layering. For large-diameter mono-
liths, a neutron or capacitance probe access tube can be
inserted down the centre (e.g. Belford, 1979; Dane &
Hruska, 1983).

17.3 Water Flux Determination

Similar to the measurement of soil water characteristics,
measurements can be made either by imposing conditions
on the soil sample, either a flux or a specified water poten-
tial at the upper and/or lower boundary, or by observing the
evolution of the water status from an initial condition.
Unlike the soil water characteristic case, however, the tran-
sition from one imposed state to another, as in one-step
or multi-step outflow methods, is often used to yield the
desired information.

17.4 Measurement Principles

In the most straightforward approach, soil water flux and
the water potential gradient are measured or estimated,
and the hydraulic conductivity calculated from Equation
17.5.1. The measurements are usually made in a laboratory
but can be made in situ in the field if a pedestal is left
attached to its underlying formation. If the soil column is
unsaturated throughout, then no impermeable barrier
around the edge of the column is actually necessary to con-
fine the flow, although one is usually used, both to support
the soil and to prevent evaporation (or sometimes wetting)
through the sides.

As mentioned in Section 17.1 samples may range in size
from several millilitres to about 0.75m3 and inmass from a
few grams to over 1000 kg. While the general principles are
the same, the practicalities of making measurements on
such a wide range of sizes obviously differ markedly. Apart
from this, measurements on large samples differ in one
sense from that of small ones. Some methods assume
homogeneity of the sample properties. For small samples,
this is more probable than for much larger ones, especially
as a function of depth. Larger samples can be instrumented
muchmore extensively than small ones so that the hydrau-
lic conductivity in different depth layers can be measured.
It is, however, very difficult to gain more than a qualitative
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idea of lateral variations of hydraulic conductivity from
horizontal variations in matric potential and/or water
content.

With advances in both computer power and in efficient
methods for estimation of the parameters of non-linear
functions, it is now possible to identify the parameters of
functions relating both hydraulic conductivity to water
status and the soil water characteristic simultaneously
from one set of experimental measurements. This is
described in Section 17.13.

17.5 Constant Head Measurement

The experimental arrangement for a constant head meas-
urement technique is illustrated in Fig. 17.1. With some
simple modifications, this basic set-up is suitable for meas-
urement of both saturated and unsaturated conductivity
and on large and small samples. Note that for unsaturated
conditions, the only route for air to enter the sample is
through the wall of the supporting cylinder, which must
therefore have holes to allow this. For a saturated sample,
however, the holes must be blocked off.

The water flux, the matric potential and the potential
gradient within the sample are all controlled by the head
applied at the top of the upper porous plate via theMariotte
bottle (seeAppendix 18.B), the hydraulic conductance of the

two porous plates and the level of the outlet tube. Assuming
saturation of the two porous plates, negligible resistance to
flow by the connecting tube from the Mariotte bottle and
the outlet tube and that the outlet pipe is of sufficiently
small diameter to remain full (3mm should be quite ade-
quate), then the flux through the sample is given by

q=
H1 +H2 +L + t1 + t2

L K +AR
17 5 1

where
L is the total length of the sample
t1 and t2 are the thickness of the plates;
K is the average hydraulic conductivity of the sample;
A is the cross-sectional area of the flow cell;
R= 1

C1
+ 1

C2
+ r1 + r2 is the combined hydraulic resistance of

the porous plates and the contact resistances;
C1 and C2 are the conductances of the lower and upper
porous plates and

r1 and r2 are unknown hydraulic resistances caused by
imperfect contact between the plates and the sample.
C is related to the hydraulic conductivity of the plate

material, Kp, as

C =
KpA
t

17 5 2

The contact resistances, r1 and r2, can beminimised, but
usually not eliminated, by using a very thin layer of fine
sand or silica flour between the porous plates and the sam-
ple to fill any small gaps between them. In the absence of r,
the water potential at the top and bottom of the sample
could be predicted from the water flux, the plate conduc-
tances, the cross-sectional area and the two heads, H1

and H2. Because of this contact resistance, tensiometers
should be used to measure the actual matric potential near
each end of the sample. In longer samples, tensiometers can
be installed to detect changes in hydraulic conductivity
along the length of the sample. Where there are different
layers within the sample, these should not be positioned
too close to the layer boundaries (see Section 17.8).

Under unsaturated conditions, since K is a strong func-
tion of the matric potential, variations in this along the
length of the sample must be minimised. Application of
Darcy’s law to the upper and lower plates gives for the
matric potential at the upper and lower boundaries:

ψ1 =H1−qA
1
C1

+ r1 17 5 3

and

ψ2 = −H2 +qA
1
C2

+ r2 17 5 4

For the matric potential to be the same throughout the
sample,ψ1 and ψ2must be equal. This leads to the condition

Fig. 17.1 Basic set-up of apparatus for the measurement
of hydraulic conductivity under constant head conditions.

243Hydraulic Conductivity Measurement of Confined Soil Samples

FOR REFERENCE PURPOSES ONLY



H1 +H2 =ARq 17 5 5

The value of ARmay be calculated by making measure-
ments on the saturated sample when K is not expected to
depend on hydraulic head. In this case,Ks can be calculated
from the measured water flux, q, and the gradient between
the tensiometers:

Ks =
q

h1−h2 +L
17 5 6

AR can then be calculated by substituting this value,
together with the measured values of q, H1, H2, L, t1 and
t2 into Equation 17.5.1. The accuracy of the procedure
can be checked by substituting the value ofAR derived into
Equation 17.5.5 and setting H1 +H2 accordingly while
ensuring that saturated conditions still apply. If H1 >H2

this is likely to be the case. Since the system is saturated,
the water flux and potentials should adjust rapidly.

For unsaturated measurements, using the value of AR
calculated using this procedure is a good starting point.
However, the contact resistances, r1 and r2 may well be
water potential dependent, and so some head adjustment
may be necessary to ensure that the two tensiometers read
the same. Changing H1 has the greatest effect on h1 and
similarly for H2 and h2.

17.5.1 General procedures

To ensure consistent measurements, it is important that
the porous plates are completely saturated before measure-
ments start. This is most reliably done by putting the plate
in a vacuum chamber, evacuating it and then filling the
chamber through a tube with its end dipping into deaired
water. This ensures that the pores of the plate are com-
pletely filled with water. If the necessary equipment is
not available, then dipping one side of the plate into deaired
water so that the air can escape from the opposite side will
minimise the amount of entrapped air. This can be further
reduced by running deaired water through the plate for sev-
eral minutes. Some workers flood the plate with carbon
dioxide before this. CO2 is quite soluble in water and so
is readily removed from the plate by dissolution. Failure
to remove air adequately results in inconsistent plate con-
ductance and the appearance of air bubbles in the water,
which can be difficult to remove and may interfere with
the measurements. Preparation of deaired water was
described in Section 12.14.

Measurements under saturated conditions require good
sealing of the plates to the outer sleeve, either by, for
instance, silicone sealant, or an ‘O-’ring and that all other
parts of the system are well sealed. It is also essential that
there be no gaps between the sample and the outer sleeve
(Section 17.1).

To ensure that the water flux throughout the sample is
known, the column must be at steady state. For reasonable
flow rates, both the input and output flows can bemeasured

from the rate of change of level in the Mariotte bottle and
the quantity of water collected from the outlet tube. For
slow flow rates, the progress of an air bubble through a fine
capillary can bemonitored tomeasure both inlet and outlet
flows. Standing the collecting vessel on a sensitive balance
is another way to measure output flow. An alternative or
additional check on the attainment of steady state is to
monitor the tensiometer readings.

Hydraulic conditions in the sample are controlled by a
combination of the porous plate conductances and the
input and outlet heads. In principle, both of the latter can
be varied over a wide range of positive and negative values.
A low conductance for the upper plate will lower the water
potential below it by (Aq/C1), while the potential above the
lower plate will be (Aq/C2) higher than at its lower side.
A further consideration in selecting a porous plate is its
bubbling pressure. It is wise to ensure that the plate will
remain saturated over the range of matric potentials likely
to be imposed. This will help to reduce the chances of unex-
pected behaviour from the apparatus.

17.5.2 Saturated hydraulic conductivity

If the sample is short (≲50mm height) and/or homogene-
ous, then both the upper and lower porous plates may be
omitted and the sample fed under a positive head from
the Mariotte bottle. The lower surface can be allowed to
drip directly into a collecting vessel via a funnel. In this
case, the lower surface is at zero matric potential. The
upper surface needs to be protected from disturbance by a
gauze, filter paper or similar when water is first ponded
onto it. The lower surface should be stood on a similar fine
porous material to avoid loss of soil particles and supported
by a coarse wire mesh.

For longer or less uniform samples, saturation through-
out may not be achieved if there is a less conductive layer
within the sample or if hydraulic conductivity increases
downwards. A porous plate beneath the sample can provide
some hydraulic resistance and ensure saturation through-
out. Raising the level of the outflow (i.e. ensuring that H2

is negative) has a similar effect.
For samples with low hydraulic conductivity, precau-

tions are needed to protect against loss of outflow water
by evaporation, such as covering the surface of the water
collected by a thin layer of oil. Low saturated hydraulic con-
ductivity samples are probably better measured using the
falling head technique (Section 17.6).

Entrapped air in the sample reduces the hydraulic con-
ductivity. Over time, the air can dissolve or be entrained
in the outflow water, leading to a time dependence in the
measured flow rate.

17.5.3 Unsaturated hydraulic conductivity

The apparatus shown in Fig. 17.1 is suitable for measure-
ment over a range of water potentials down to about –

2m water head. In most soils, hydraulic conductivity
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becomes too low for water flow rates to be measured
with sufficient accuracy to make reliable measurements.
The amount of headroom required is also a limitation in
many laboratories, although using a low-conductance
plate at the top of the sample and/or a bubble tower (see
Appendix 18.B) reduces the room needed at the top of
the sample.

Hysteresis in hydraulic conductivity under unsaturated
conditions must be considered. For this reason, it is best to
start with saturated conditions and reduce the imposed
head. Measurements along a wetting branch can then be
made after the lowest potential has been achieved.

17.5.4 Long columns

Measurements on a long column can be made in the same
way as for a short sample. However, natural fieldmonoliths
are almost never uniform, usually exhibit preferential
flow paths caused by macropores or non-uniform soil
properties and may contain active soil fauna such as
earthworms.

As a result, measurements may not produce the same
smooth dependence on water potential or water content
as exhibited by small samples, with increases in flow rate
occurring when the apparent water potential falls and flow
being unsteady. This is much more likely near the wet end
of the water status range. Hence it is important to collect as
much information about hydraulic conditions within the
sample as possible. Tensiometers and water content sen-
sors should be installed to give a good picture of variation
with depth but also across the area of the sample. Unfortu-
nately, a simple interpretation of the resulting datamay not
be possible.

17.5.5 Measurements in the field

The same principles can be applied to measurements on
undisturbed soil columns in the field. The principal advan-
tage is that the soil is kept intact in its natural surroundings
without possible disruption caused by transport to a labora-
tory. The method is generally referred to as the crust
method. It was first described by Hillel and Gardner
(1970) and improved by Bouma et al. (1971) and Bouma
and Denning (1972).

Measurements are made on a pedestal or column carved
in situ and left intact connected to the underlying forma-
tion, as described in Section 17.1. For unsaturatedmeasure-
ments, it is unnecessary to encase the pedestal, although it
is wise to wrap the sides in plastic sheet to prevent evapo-
ration. For both saturated conditions and if the pedestal
material is not completely stable, an impermeable layer
of supporting material is needed (Section 17.1).

The pedestal should be instrumented with two or more
tensiometers at different depths so that the hydraulic gradi-
ent and the approach to steady state can bemonitored. TDR
or dual-probe heat-pulse sensors inserted through the sides
of the pedestal should also, if possible, be used to monitor

water content. Large-diameter pedestals may have a neu-
tron or capacitance probe access tube installed instead.
This should be installed before carving out the pedestal,
as the installation process may affect the structure of the
pedestal.

In the crust method, the surface of the pedestal is first
smoothed, and then a close-fitting cylinder is pushed over
the top of the column, and a resistive crust is cast inside
the cylinder. Usually, this consists of a mixture of sand
and plaster of Paris (gypsum), although very weak cement
may be suitable in some circumstances. Some experimen-
tation is necessary to arrive at suitable mixtures and thick-
nesses. The crust is allowed to cure for about 24 h before it
is suitable for use. Water is then ponded inside the cylinder
on top of the crust, the head being controlled by a Mariotte
bottle, which also allows the water flux to be measured.
Once steady state has been achieved, which may be judged
from the flow out of the Mariotte bottle as well as the ten-
siometer and water content readings, the head is changed
(usually increased) and measurements made with a differ-
ent applied head and hence flow rate. If the cylinder is
sealed with a lid, a negative head can be applied to the crust
by the Mariotte bottle.

Once measurements with one crust have been com-
pleted, the crust may be replaced by another (usually less
impeding) one and another series of measurements taken.

Although it may appear intuitively that measurements
should be made at decreasing flow rates, with steadily
thicker or more impeding crusts applied on top of those
already there, in practice this is very inconvenient, as drain-
age is amuch slower process thanwetting, and so establish-
ing a reduced steady flow rate takes much longer than an
increased one. This requires replacement of the crust by a
less impeding one.

In some soils, alteration of the soil’s hydraulic proper-
ties by chemicals in the crust is a problem (Dirksen,
1991, 2001).

17.6 Falling Head Measurement

Measuring the saturated hydraulic conductivity under a
falling head is an alternative to constant head measure-
ments, particularly for soils of low hydraulic conductivity.
The set-up is shown diagrammatically in Fig. 17.2. The
small-diameter capillary tube on top of the sample effec-
tively magnifies the flow through the sample, which must
be saturated at the beginning of the test.

If the pressure head across the sample is H1, then at any
time, the flux, q, through the sample is

q=
H1Ks

L
17 6 1

where Ks is the saturated hydraulic conductivity of the
sample. Note that in Fig. 17.2, the pressure head at the bot-
tom of the sample is slightly positive to ensure saturation.
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The flux through the sample can also be related to the
fall in the level of water in the tube on top of the sample, so

q = −
a
A
dH1

dt
17 6 2

where a and A are the cross-sectional area of the tube and
sample, respectively.

Combining Equations 17.6.1 and 17.6.2, we obtain

1
H1

dH1

dt
= −

AKs

aL
17 6 3

The solution to this is

Ks =
aL ln H0

Ht

A t−t0
17 6 4

where H0 and Ht are the heights, H1, at times t0 and t.

17.7 Oscillating Head Measurement

Both the constant and falling head methods require signif-
icant quantities of water, which is difficult to recycle.
In some clay soils, the water used may exchange cations
with the clay minerals leading to changes in the soil’s
hydraulic properties. To avoid these problems a solution,
suitable only for laboratory and saturated conditions,
entails a small modification to the falling head test
(Childs & Poulovassilis, 1960), as depicted in Fig. 17.3.

The motor causes the height of water in the tube on
the left, H, to oscillate with a frequency, f. In response,
the height of water, h, in the tube above the sample
oscillates at the same frequency, but because of the
resistance to water flow by the soil sample, the change
in water level is smaller than that of H and also lags
behind it.

The flow, Q, of water at any time through the sample
of cross-sectional area, A, and hydraulic conductivity, Ks,
will be given by

Q =
A h−H

L
Ks 17 7 1

Fig. 17.2 Schematic of a falling head permeameter for saturated
hydraulic conductivity measurement.

Flexible
tube

Soil
sample

h
H

L

Fig. 17.3 Arrangement for oscillating permeameter. Republished
with permission of Taylor & Francis Group LLC Books, from
Youngs (1991); permission conveyed through Copyright Clearance
Center, Inc.
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where a positive value for Q represents a downward flow.
This water flow leads to a decrease in h, determined by
the cross-sectional area of the tube above the sample, a:

dh
dt

= −
Q
a

17 7 2

Note the similarity between these equations and
Equations 8.3.6 and 8.3.7, which described current flow
through a capacitor and resistor in series. The analogue of
the resistance, R, is (L/AK), that is, the hydraulic resistance
of the sample, that of the capacitance, C, is a, the cross-
sectional area of the tube, which is the capacity of the tube
per unit length, and variations of head (h – H) provide the
driving force, just as the voltage, V, does in the electrical
case. Substituting Q from Equation 17.7.1 into Equation
17.7.2 leads to

dh
dt

= −
AK h−H

aL
17 7 3

Now if H varies as

H =H0 cosωt 17 7 4

then, using similar analysis as in Section 8.3.5 or 8.3.6,
we get

h=h0 cos ωt +ϕ 17 7 5

where

h0 =
H0AK

a2L2ω2 +A2K2
17 7 6

and

tanϕ =
aLω
AK

17 7 7

This leads to two alternative ways to calculate K.
From Equation 17.7.6,

K =
aLω

A H2
0

h2
0
−1

17 7 8

and from Equation 17.7.7,

K =
aLω

Atanϕ
17 7 9

In other words, the sample conductivity can be calcu-
lated from the ratio of amplitudes of the head on each
end of the sample or from the phase angle between them.

To get reasonable precision of the measurement, a suit-
able speed for the motor providing the oscillating head
must be chosen. If this is too fast (large ω), then the

fluctuations of h will be very small, and if it is too slow,
then h will follow the changes in H with little reduction
in amplitude or phase lag.

As an illustration, assume that the sample diameter is
50mm (0.05m), making A 0.002m2, its length is 100mm
(0.1m) and the upper tube diameter is 5mm (0.005m),
making a 0.00002m2. Then (aL/A) is 0.001m. A reasonable
target for (h/H) is 0.5, which would correspond to a phase
shift of (π/4) (45 ). Then for a permeable soil of hydraulic
conductivity 10−4m s−1, an appropriate value of ω would
be 0.1 s−1 or a rotation speed of the motor of about 1 rpm.
For a heavy clay, on the other hand, with a hydraulic con-
ductivity of 10−9m s−1, the rotation speed should be much
slower, with one rotation in approximately 73 days! This is
not practical in most situations, particularly as a few cycles
are needed to establish a regular pattern. Making the upper
tube diameter smaller, decreasing the sample length or
increasing the area of the sample would all reduce the time
required.

17.8 Constant Flux Measurements

An alternative to the imposition of a constant or varying
head at the soil surface is to apply a known flux on the soil
column and measure the resultant water potential and its
gradient, also preferably the water content. The number
of such sensors will clearly depend on the size of the sam-
ple, but as withmost soil measurement problems, themore
information collected makes unambiguous interpretation
of the data more likely, sometimes at the expense of mak-
ing it difficult!

One problem with constant flux measurements is that,
while it is possible to impose a flux on the top of a sample,
either in the laboratory or on a pedestal in the field, the con-
ditions at the lower boundary of the sample will usually
have a strong impact on themeasurements. As an example,
if the experiment is designed such that drainage from the
bottom of the sample occurs under free drainage condi-
tions, then this can be achieved only when the base of
the sample is saturated, that is, at zero matric potential.
If the water flux ismuch lower than the saturated hydraulic
conductivity, the potential gradient must be small, imply-
ing that the gradient of matric potential almost balances
the gravitational gradient near the lower boundary. If the
soil exhibits a distinct air entry value, ψa, it will be satu-
rated up to a height ψa above the bottom of the sample
when there is no flow and to a greater height when down-
ward flow occurs. For fine-textured soils, this means that
the soil has saturated hydraulic conductivity for a consider-
able height above the base, possibly many metres in some
cases. Under static (no flow) conditions, the matric poten-
tial at the top of the sample is equal to that at the bottom
minus the height of the sample. Imposing a flow raises the
potential and hence the hydraulic conductivity throughout
the column. There is therefore only a limited range of
hydraulic conductivity achievable, especially for short
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columns. A possible solution is to impose a negative water
pressure at the base of the sample, through a hanging water
column or a vacuum. This lowers the potential and hydrau-
lic conductivity throughout the sample. By conducting
the experiment at a number of different lower boundary
pressures, the range of water status may be increased,
although they will inevitably be at the wet end of possible
conditions.

For these reasons, constant flux measurements are best
suited to long columns (monoliths) in the laboratory or ped-
estals in the field, which are connected to the underlying
formation. Thematric potential profile of a long homogene-
ous column with free drainage at the base is expected to
resemble that shown in Fig. 17.4. For both the sandy soil
examples, the upper part of the column attains a constant
hydraulic gradient of unity (matric potential gradient zero)
with the hydraulic conductivity equal to the irrigation rate.
However, there is a long transition zone above the top of
the capillary fringe, and a constant hydraulic gradient is
observed only above 0.4m for the higher irrigation rate
and above 0.5m for the lower one. The clay soil, on the
other hand, does not attain a zone of constantmatric poten-
tial gradient even at 1mheight above the base. Its hydraulic
conductivity is well above the irrigation rate at all depths.
Field soils are rarely homogeneous, and layers of different
hydraulic conductivity produce distortions similar to those
shown in Fig. 17.4 near the boundaries.

The achievement of a constant flux is usually accom-
plished by means of one or more sprinklers, an atomising

spray (Dirksen & Matula, 1994; Dirksen, 1999, 2001) or
an array of closely spaced hypodermic needles fed from a
syringe or peristaltic pump. If lower flux rates are needed
than the equipment available is able to provide, the water
input may be controlled by turning the water supply on
and off automatically on a preprogrammed schedule. Since
the rate of adjustment of the soil profile at low flux rates is
slow (hours to days), this should not create problems if the
repetition rate for water delivery is of the order of minutes.

17.9 Wind’s Method

This was described briefly in Section 15.4.9. It is one of a
class of inverse methods, which aim to fit hydraulic prop-
erty relationships from experimental data on the behaviour
of a system.

Wind (1968) allowed a sample of soil in a short cylinder
to evaporate naturally from the top. Nylon resistance
blocks were inserted into the cylinder, which was weighed
periodically to allow the change of water content to be
followed. By starting with an assumed soil water character-
istic curve, the water loss at each measured depth could be
calculated. This was comparedwith the recordedwater loss
from the weighing measurements and the soil water char-
acteristic curve adjusted to bring the two into agreement.
The water losses were again estimated from the new soil
water characteristic curve and adjusted again. Within four
or five iterations, a stable curve can be obtained.

Hydraulic conductivity (10–6 m s–1)

Sandy soil Ks= 10–5 m s–1

q= 10–7 m s–1

Sandy soil Ks= 10–5 m s–1

q= 10–8 m s–1

Clay soil Ks= 10–8 m s–1

q= 10–9 m s–1Hydraulic
conductivity

Hydraulic
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Fig. 17.4 Expected matric potential, hydraulic conductivity and matric potential gradient profiles under constant rate irrigation with
free drainage at the base of a 1 m column for two sandy soils irrigated at 10−7m s1 (1% of Ks) and 10−8 m s−1 (0.1% of Ks) and one clay
soil irrigated at 10−9m s−1 (10% of Ks).

248 CHAPTER 17

FOR REFERENCE PURPOSES ONLY



The same iterative procedure yields an estimated water
flux for each layer as a function of time. These fluxes can
be used together with the measured water potentials to
estimate firstly the hydraulic gradient and then the hydrau-
lic conductivity as a function of either water content or
matric potential using Equation 16.1.1.

17.10 The Bruce and Klute Method

This method measures the diffusivity of the soil, rather
than its hydraulic conductivity directly. Diffusivity was
defined in Equation 3.1.1 as

D =K
dψm

dθ
17 10 1

For one-dimensional horizontal flow, the gravity term in
the Richards equation 3.1.2 is zero, and it reduces to

∂θ

∂t
=

∂

∂x
D θ

∂θ

∂x
17 10 2

where x has been used in place of z to indicate that flow is
in the horizontal (x) direction. Solution of this equation
is simplified considerably by using the Boltzmann
transformation:

λ= xt−1 2 17 10 3

The partial differentials of λ with respect to x and t are

∂λ

∂x
= t−1 2 17 10 4

and

∂λ

∂t
= −

xt−3 2

2
= −

λ

2t
17 10 5

Expressing

∂θ

∂t
=
dθ
dλ

∂λ

∂t
17 10 6

and similarly for ∂θ ∂x , Equation 17.10.2 can bewritten as

dθ
dλ

∂λ

∂t
=
∂λ

∂x
d
dλ

D θ
dθ
dλ

∂λ

∂x
17 10 7

or using (17.10.4) and (17.10.5),

−
λ

2
dθ
dλ

=
d
dλ

D θ
dθ
dλ

17 10 8

This allows the behaviour to be expressed in terms of the
single variable, λ, which is a function only of θ. This means

that for any combination of x and t, which has the same
value of λ, θ will be the same. So the water content at x =
10mm and t = 1 s will be the same as at x = 20mm and
t = 4 s or at x = 30mm and t = 9 s.

To calculate D(θ), Equation 17.10.8 is integrated with
respect to λ:

−
1
2

θf

θi

λdθ =
θ = θf

θ = θi
d D θ

dθ
dλ

17 10 9

where
θι is the initial water content of the column and
θf is the water content at a particular value of λ.

Bruce and Klute (1956) started with a uniform, horizon-
tal column of dry soil and at a time t = 0 imposed a saturated
condition at one end, x = 0, that is, this end was brought
to and kept at a water content of θs and zero matric poten-
tial. After some time, t, the infiltration was stopped and
the column quickly sectioned into short lengths, each of
whose water content was measured gravimetrically. In
this case, t is fixed and known and Equation 17.10.9
becomes

−
θf

θi

xdθ = 2t
θ = θf

θ = θi
d D θ

dθ
dx

17 10 10

This leads to

D θ
dθ
dx θf

−D θ
dθ
dx θi

= −
1
2t

θf

θi

xdθ 17 10 11

To understand this, it is best to look at the distribution
of water content in the column, as shown hypothetically in
Fig. 17.5. The integral on the right-hand side of Equation
17.10.11 is the shaded area of the graph. If the column is

initially sufficiently dry that
dθ
dx θi

= 0, as shown, then the

diffusivity is given by

Fig. 17.5 Water content distribution in a homogeneous horizontal
column after infiltration.
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D θf = −
1
2t

dx
dθ θf

θf

θi

xdθ 17 10 12

Since (dx/dθ) is negative, D is a positive quantity.
Both (dx/dθ) and the integral can be obtained from a

graph of θ v x derived from the slicing of the column.
As an alternative to stopping the infiltration at a partic-

ular time, which fixes t in Equation 17.10.9, Whisler et al.
(1968) measured the change of water content in time at a
fixed position using gamma ray absorption in a similar
way to that described in Section 6.5.3. This could be done
with a small TDR, other dielectric probes or a DPHP probe,
none of which was available in 1968. In this case, plotting
θ v t−1 2 will give an identical curve to that depicted in
Fig. 17.5, and the diffusivity will be given analogously to
Equation 17.10.12 by

D θ = −
x2

2
d t−1 2

dθ
θf

θf

θi

t−1 2dθ 17 10 13

The hydraulic conductivity is calculated as

K θ =D θ
dθ
dψm

17 10 14

It is necessary, therefore, to know the soil water charac-
teristic to calculate the hydraulic conductivity from the
diffusivity.

17.11 The Steady-State Centrifuge Method

Most methods for measurement of unsaturated hydraulic
conductivity are suitable only for conditions close to satu-
ration, down to a matric potential of about –0.2-m water
head. A method suitable for dry soils using a centrifuge
has been described by Nimmo et al. (1992, 1994, 2002a).
The apparatus, depicted in Fig. 17.6, is designed to fit into
a 1-L centrifuge bucket, which is somewhat larger than is
normally used for constructing soil water characteristic
curves (Section 15.4.6) or for extraction of soil solution
(Section 20.1.2). The technique can be used either as a
constant head method, essentially the same as described
in Section 17.5, or, in later development, as a constant flux
method. Figure 17.6 is of the later constant flux design. In
both designs, instead of relying on gravity to supply the
driving force through the soil, it is the centrifugal field.

A water supply reservoir feeds water through a porous
ceramic disc to a flux-controlling reservoir. The hydraulic

100 mm

Supply
reservoir

Overflow hole

Overflow
reservoir

Flux-controlling
reservoir
Lower overflow hole

Spreader

Outflow
reservoir

15
3 

m
m

Soil

Porous ceramic

Porous ceramic

Porous ceramic

O-rings Spacer

Fig. 17.6 Steady-state centrifuge. From Nimmo
et al. (2002b).Reproducedwithpermissionof John
Wiley & Sons. © American Geophysical Union.
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conductance of the ceramic disc is chosen such that it
always supplies enough water to keep the flux-controlling
reservoir full to its overflow level, without running out of
water during an experiment.

Water flows out of the flux-controlling reservoir through
a second porous ceramic disc and through a hole to a
spreader on the surface of the soil sample. The rate of water
delivery to the spreader is controlled by the centrifuge
speed, the height of the overflow hole in the flux-
controlling reservoir, the conductance of the ceramic disc
and its effective area. The soil sample is supported by a third
ceramic disc, through which the water flows into the out-
flow reservoir. It is this water that is measured at the end
of the experiment to determine the amount of water
flowing through the sample.

An alternative method for delivering a constant flux of
water to the soil sample has been described by Conca and
Wright (1998). Their design used a pump to deliver water
at a metered rate directly to the spreader through a rotating
seal on the centrifuge rotor.

Samples can be collected by hydraulic or percussive
samplers. The outer layers of these may well be disturbed
by the sampling process, and so these should be discarded
by a secondary sampler which retains only the inner
50mm or so of the core inside a liner. With care, this
could be performed by hand-shaving the core, although
this would probably preclude measurement of the field
water content because of drying of the core during the
process.

As explained in Section 15.4.6, unlike gravity, the
effective force on the sample varies from one end of the
sample to the other. At any distance, r, from the centre of
rotation, the effective ‘gravitational acceleration’ is, from
Equation 15.4.2, 4π2s2r, where s is the rotation speed. The
work done in moving a distance (r0 – r) against this force
per unit weight of water is

ψg =
4π2s2

g

r0

r
rdr 17 11 1

Therefore, assuming that osmotic, etc., contributions
to the potential can be ignored, the water potential is
given by

ψ =ψm +
2π2s2

g
r02−r2 17 11 2

where r0 is the radius at which the matric potential is zero
(i.e. the bottom of the ceramic disc supporting the sample;
r0 is towards the outer edge of the rotor), and the potential
gradient is

dψ
dr

=
dψm

dr
−
4π2s2

g
r 17 11 3

Substituting this into Darcy’s law, Equation 2.2.1 or
16.1.1, the flux, q, is

q= −K
dψm

dr
−
4π2s2

g
r 17 11 4

or

K =
q

4π2s2

g
r−

dψm

dr

17 11 5

There are two criteria for obtaining good estimates
of K. First, the denominator of the right-hand side of
Equation 17.11.5 must be large enough that a meaningful
value ofK can be calculated. Secondly, sinceK is a sensitive
function of ψm, it should be as uniform as possible over the
height of the sample, that is, (dψm/dr) should be as small as
possible. These both tend to be satisfied for higher values of
the rotation speed, s. They are also easier to satisfy in
coarse-textured soils than in finer ones (Nimmo et al.,
1994), which also suffer from potential problems of com-
paction under the high g-forces.

A feature of this method is that the centrifugal forces
effectively exert an overburden pressure on the sample.
If the ‘top’ of the sample is at a radius r1 from the centre
of rotation and the mass resting on top of the sample is
ma (the spreader in Fig. 17.6), the effective overburden
depth, z, at a radius r from the centre of rotation is
(Nimmo et al., 1994)

z =
4π2s2

g
mara
Aρ

+
r2−r12

2
17 11 6

where
ra is the radius of the centre of themass on top of the sample
ρ is the wet density of the sample
A is the area of the sample

Further information and examples of the application of
the method can be found in Nimmo et al. (1994) and
Nimmo et al. (2002a, b).

17.12 The Hot Air Method

A drawback of the Bruce and Klute method is that, since it
involves the slope of the θ v x relation, it is difficult to get an
accurate estimate ofDwhere this curve is either very steep
or very shallow. (dx/dθ) is very large, close to both the sat-
uration and the dry end of the water content range. It may
be very small in coarse-textured materials such as sands.
The definition of the differential is improved if infiltration
is allowed to proceed for some time, which effectively
stretches out the θ v x curve (remember that quadrupling
the time of infiltration doubles the distance to an equiva-
lent water content value). This also means that the total
quantity of water infiltrated is proportional to t. To cir-
cumvent some of this disadvantage and also to allow
shorter (76.5mm) columns to be used, which then allows
the diffusivity of cores from field soils to bemeasured, Arya
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et al. (1975a) effectively ran the experimental procedure in
reverse and introduced what has come to be known as the
hot air method. A major advantage of the hot air method is
that it allows measurements to be made at the drier end of
the scale of water content to be experienced, like the
steady-state centrifuge method (Section 17.11).

In the hot air method, the cores are initially saturated
carefully from the bottom up to avoid significant air
entrapment. The bottom is sealed and the core mounted
horizontally after weighing. A jet of hot air at a tempera-
ture of 90 –100 C (some workers have used temperatures
up to about 200 C) is directed at the open end of the core.
The open surface rapidly attains a constant water content,
at which point the total water content of the core falls at a
rate proportional to the square of time. This can be verified
by periodic weighing. It is important to ensure that the dry-
ing front does not reach the closed end of the core, as this
would then violate the implicit assumption that the core is
of infinite length and the square root of time proportional-
ity would no longer hold. Following evaporation for some
time, usually less than about 30min., the core is sectioned
as described for the Bruce and Klute method and water
content measured as a function of length. The calculation
procedure is exactly the same as described earlier, the only
difference being that the water content rises with distance
from the open end. The variation of water content with
distance was found by Arya et al. (1975a) to yield much
more reliable gradients than the Bruce and Klute method
(see Fig. 17.7). Good agreement was obtained for depths
>0.1m with field-measured hydraulic conductivity using
the zero flux plane method (see Section 18.3.2).

Slicing of the soil core to determine the increase inwater
content at a series of distances from the evaporating end
requires both speed to avoid redistribution of water and
accuracy to ensure good data quality.With natural field soil
cores particularly, some heterogeneity of the soil profile is
to be expected, which is likely to make the job of determin-
ing a smooth profile more difficult. Van den Berg and
Louters (1986) found that the empirical equation

θf x = θi− θi−θ0
b

x +b

n

17 12 1

Where
b and n are empirical constants and
θ0 is the value of θf at x = 0,

fitted experimental data well. Gieske and de Vries (1990)
found that, under some circumstances, a single-parameter
equation of the form

θf x = θi− θi−θ0 e−αx 17 12 2

where a is another empirical parameter, fitted the data
equally well.

Following on from this work, Tyner et al. (2006) modi-
fied the method to avoid having to section the core alto-
gether and determine each individual section water
content gravimetrically. They suspended the core horizon-
tally from a load cell at each end and recorded the output
from each load cell continuously during evaporation. By
assuming a water content distribution of the form of
Equation 17.12.1 or 17.12.2, the distribution of water
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content at each point in the core could be calculated as the
experiment progressed. The diffusivity of the soil can then
be calculated for many different times during the experi-
ment, as well as detecting the point at which evaporation
departs from linearity with the square root of time.

17.13 Inverse Methods: Single- and Multi-step Outflow

All of the methods discussed so far have taken a fairly
straightforward approach by performing calculations on
the experimental data to yield directly hydraulic conduc-
tivity or, in the case of the Bruce and Klute and hot air
methods, diffusivity. Inverse methods take a different
approach. They use all of the data on the behaviour of a sys-
tem to optimise the value of parameters which characterise
the mathematical functions describing properties that are
assumed to control that behaviour.

Inverse methods have been encountered previously in
this book in connection with the estimation of water
content using ground-penetrating radar (Section 8.15) and
electrical resistivity imaging (Chapter 10) and in Wind’s
method (Sections 15.4.9 and 17.9). In principle, inverse
methods can quantify the parameters of equations describ-
ing the properties which control any system. There are,
however, a number of constraints which, if ignored, can
lead to highly ambiguous parameter estimates and/or to
results which produce seriously erroneous predictions of
the system behaviour under conditions different from those
used to collect the original data.

In some ways, inverse methods may be regarded as an
extension of the more familiar processes of regression. In
regression, a function is fitted to a set of data. The best
fit is usually identified by finding a set of parameters which
minimise the sum of squares of the differences (SSD)
between the value of data points and that of the function
evaluated using those parameters. If the function can be
expressed as a linear combination of the parameters, that
is, it is of the form

F = a0 + a1f1 + a2f2 + 17 13 1

where fns are the known functions and contain no
unknown parameters, then the parameters an can be
calculated analytically. In most cases where the function
F is a non-linear function of the ans (e.g. powers of an, trig-
onometric, elliptical or logarithmic functions), then no ana-
lytical solution is usually possible, and the parameters
must be identified by a process of iteration. Usually a set
of initial values for the parameters is assumed, and their
values are adjusted until the smallest SSD (often called
the objective function) is obtained. The Marquardt (1963)
algorithm is often used to make this process as efficient
as possible.

The SSD as a function of the parameters is called a
response surface. This exists in a multidimensional space,
which is difficult to envisage. In the case of only two

parameters, however, it can be imagined as a real surface
in a three-dimensional space defined by x, y and z axes, with
x and y being the two parameters and z the value of the SSD.
The optimum value for x and y is the lowest point (value
of z) on this surface.

In the inversemethod, the process is taken a step further
and, rather than simply finding a function with several
parameters to fit the data, the functions with their associ-
ated parameters are incorporated into a numerical model
of the system’s behaviour. Themodel is runmultiple times
with different parameter sets and model output(s) com-
pared with the experimental data in a similar way as for
non-linear regression to find the ‘best’ parameters. In the
case of soils, the functions are principally the soil water
characteristic and the unsaturated hydraulic conductivity
function. The functions may be based on a physical theory,
such as the Mualem (1976) equation for hydraulic conduc-
tivity or an empirical model, such as the van Genuchten
(1980) model for the soil water characteristic. These func-
tions are combined into the parameters of a flow model,
usually the Richards equation (see Section 2.2.3) to give
an overall description of the system behaviour.

Inverse methods are a powerful way to obtain the char-
acteristics of a system, since they use all of the available
data in an efficient way to minimise the errors in predic-
tion. However, a number of points should be borne in mind
before embarking on using inverse procedures:
• Inverse procedures are computationally intensive and
rely on the availability of significant computer power.
• Inverse procedures optimise the value of the parameters
which are assumed to describe the properties of the system.
Any of these elements (the main model – the Richards
equation – or the sub-models – the Mualem and van
Genuchten models in our case) may not be appropriate
for the particular system under study. For instance, the
Richards equation breaks down when preferential flow is
an important process. This does not necessarily mean that
the procedure fails to identify a suitable set of parameters
which provide a good fit to the available data. Within the
range of conditions under which the data were obtained,
themodel and parameters are expected to provide a reliable
prediction of the system behaviour. On the other hand,
extrapolation to conditions outside that range may be
highly misleading, and a good fit to available data does
not necessarily mean that either the model or the para-
meters are correct.
• Models of the system, constructed in the way just
described, rapidly acquire a large number of parameters,
which makes for high demands on computer resources to
run a large number of simulations using different parameter
combinations. A large number of parameters also often
introduce difficulties of identifiability and uniqueness. In
essence, it is often found that different combinations of
the value of some parameters lead to almost equally good
fits to the data. Additionally, identification of the para-
meters is made more difficult by local minima of the
response surface. Reverting to the two-parameter example,

253Hydraulic Conductivity Measurement of Confined Soil Samples

FOR REFERENCE PURPOSES ONLY



the response surface can be envisaged as having a number of
wells, from the bottom of each of which it is necessary to
climb upwards to higher values of the SSD. Once having
done so, it may be possible to fall into an even deeper well,
and theremaywell be an even deeper one somewhere in the
parameter space – this is known as the global minimum.
Techniques are available to make the discovery of the
global minimum more likely, but the more parameters
that are involved, the more difficult the search generally
becomes.

Success in achieving a good set of parameters is
enhanced by taking some common-sense measures. These
include:
• Splitting the available data into two sets. One of these is
used for optimising the parameters of the system. The other
acts as a check on those parameters. The parameters from
the first set are fed into the model and used to simulate the
second data set. If the model is a good one and the para-
meters are close to the correct ones, then it is expected that
the average SSD for the second set will be only a little larger
than that for the set on which the parameters have been
fitted.
• Examining the data fits critically in a graphical format to
see where the fit is poorest. Although the overall SSD may
be small, a consistently poorer fit in one part of the water
content range is often found. This indicates that the model
may need some modification. A poor fit at the wet end of
the range maymean that the model fails to deal adequately
with macropore flow, for instance.
• Acquiring data over as wide a range of conditions as pos-
sible, preferably with different data types (e.g. water con-
tent, water potential, input and/or output flow).

There is a conceptual problem involved in mixing data
types, since the units are not compatible. This is usually
dealtwith byweighting the different kinds of data according
to the variance or the range of each type of data in the total
data set. So if the volumetric water content varies over a
range of 0.3m3m−3 and matric potential varies from zero
to −5 m water, then when calculating the SSD, water con-
tent deviations squared would be weighted 25 0 09 = 278
times each water potential deviation squared. Additional
weighting factors might be introduced to account for the
perceived precision of different measurements.

17.13.1 One-step outflow

The one-step outflowmethod consists of placing a soil sam-
ple, usually housed in a supporting sleeve, often used to col-
lect the sample from the field, on a porous ceramic plate
and changing the water potential at the bottom boundary
rapidly by a substantial amount. A fine-textured soil should
have a larger step-change in potential applied than a coarse-
textured one to reflect the wider range of matric potential
over which most of the water is held. Ideally, the size of
the step should approximate this range. Hence the name
‘one-step’. The change may be effected by applying a suc-
tion to the lower side of the plate with a hanging water

column or vacuum pump or by placing the sample inside
a pressure chamber and increasing the imposed pressure.
As a minimum, the outflow from the sample via the plate
is recorded, but one or more tensiometers within the sam-
ple increase both the amount of and the types of data and
therefore help to ensure that a solution close to the true
hydraulic properties is obtained.

The method was first proposed by Doering (1965) before
computers were commonly available. Early users of the
technique, therefore, used approximate analytical solu-
tions to the water flow equations and neglected gravity.
Neglecting gravity and the hydraulic resistance of the plate,
an approximate solution for the diffusivity is

D = −
4L2

π2 θt−θf

dθt
dt

17 13 2

where
L is the sample length;
θt is the average sample water content at time t, and
θf is the final average sample water content.

Knowing the initial water content of the sample, θt and
θf can be calculated from the outflow volume.

Several authors have proposed improvements to both
the procedure and the analysis, but reliable use of the
method has come from the development of inverse
procedures.

17.13.2 Multi-step outflow

The multi-step outflowmethod splits the single step into a
number of smaller ones, with the aim to obtain approxi-
mately equal quantities of outflow from each step. If some
information on the soil water characteristic is available,
then this can be used to guide the size of step (Hopmans
et al., 2002b). Four to six steps is a reasonable number.
Analysis of the data for both single- and multi-step outflow
experiments is aided by using a thin, conductivemembrane
instead of a thicker ceramic plate to support the sample.
If a ceramic plate is used, its hydraulic resistance must be
measured to incorporate it into the flow equation. There
is also a danger that this resistance may change over the
course of the experiment as a result of exsolution of air or
microbial growth.

When combined with inverse procedures, multi-step
outflow experiments have proven to be more successful
at providing stable and reliable parameters describing the
hydraulic properties than the single-step method, probably
because of the extra information acquired (Hopmans et al.,
2002b). Multi-step experiments also appear to be less prone
to local minima of the objective function.

17.13.3 The inverse modelling procedure

It may be obvious, but the closer the initial parameters fed
into themodel are to the true values, the quicker it is likely
to converge to the best description of the hydraulic
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properties and the smaller the likelihood that the model
will be trapped in a local minimum. Nevertheless, identifi-
cation of all of the parameters is not guaranteed, and the
response surface may exhibit long, shallow valleys which
make finding the lowest point difficult and (computer) time
consuming. The model may well exhibit strong correlation
between different parameters, which mean that a range of
pairs of values of these parameters will produce almost
equally good fits to the data. It may be possible to adjust
the experimental design to avoid some of these problems
or to formulate the model differently. Some initial investi-
gationwith simulations using themodel and expected para-
meters will help guide these choices.

After producinga set of apparently ‘good’parameters, it is
important to look critically at the outputs to judge visually
whether, in fact, the data has been reproduced satisfactorily
or whether it fits badly in any particular part(s). It is usually
revealing to plot out the residuals (i.e. the differences
between the modelled data and the observations). Ideally,
they will be randomly distributed about a zero line. This
almost never happens and there will be some correlation
between groups of adjacent data points. Most likely, this
will reveal that the model is not a perfect description of
the system, but it is up to the judgementof the experimenter
whether this is sufficiently serious to revise the model.

It is usuallywise to limit thenumber of parameters in the
model to avoid problems of localminima, slowconvergence
and strong correlations betweenparameter values. Itmaybe
possible to fix some parameters by using information
obtained separately from the main experiment (e.g. the sat-
urated hydraulic conductivity or saturated water content).

Despite the number of reservations, inversemodelling is
a powerful tool for determining hydraulic properties of the
soil but does require appropriate computing resources
and a high level of skill in formulating the models and in
evaluating the results. An excellent description of the
methods available and guidelines for both running the

experiments and using the inverse method to analyse them
is given by Hopmans et al. (2002b).

17.14 Sorptivity

Sorptivity is related to hydraulic conductivity via the diffu-
sivity function (Section 3.3), although the relationship is
not a simple one. In most cases, sorptivity is best measured
in situ in the field (see Section 18.2). However, it is often
useful to measure the sorptivity of individual aggregates
so that infiltration can be partitioned unequivocally
between aggregates and the surrounding macropores.
Leeds-Harrison et al. (1994) devised amethod formeasuring
the sorptivity of a single isolated aggregate. The method is,
in essence, a miniaturisation of the single-ring infiltrom-
eter (Section 18.2.2) and illustrated in Fig. 17.8.

The sponge in the vertical, tapered tube allows good con-
tact with the aggregate over awell-defined area of a fewmm
diameter. In use, the system is first filled with water from
the reservoir until the capillary tube is almost full and
water is just dripping from the vertical tube. The supply
is turned off and the vertical tube raised until water just
stops dripping from the sponge. This ensures zero matric
potential at the tube tip. The aggregate is then placed on
the scissor jack and raised to make contact with the tip
of the tube. The infiltration rate is measured by recording
themovement of themeniscus in the capillary tube, whose
cross section is known.

The infiltration rate, Q, quickly reaches a steady state,
given by (Leeds-Harrison et al., 1994):

Q
πR2 =Ks +

4bS2

πR θf−θi
17 14 1

where
R is the radius of the vertical tube tip;

Meniscus

Horizontal capillary tube

Scissor jack

Aggregate

Vertical
tube

Sponge

Water

Wetted
zone

D

Three-way tap

Reservoir

Fig. 17.8 Sorptivity measurement
of a single aggregate. From Leeds-
Harrison et al. (1994). Reproduced
with permission of John
Wiley & Sons.
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Ks is the saturated hydraulic conductivity of the aggregate;
b is a “shape parameter”, which can often be taken to be

about 0.55 (White & Sully, 1987);
S is the sorptivity, and
θi and θf are the initial and final volumetricwater content of

the wetted zone.
For small values of R, Ks is much smaller than the sec-

ond term on the right-hand side of this equation and so
can be neglected (Leeds-Harrison et al., 1994), leading to

S =
Q θf−θi

4bR
17 14 2

The quantity (θf − θi), called the fillable porosity, can be
calculated by weighing the aggregate before the experiment
and afterwards to determine the amount of water imbibed
and thenmeasuring its volume,V, by themethod described
in Section 6.3.3.

Otherworkers (e.g.Hallett&Young, 1999) have used the
technique to investigate thewettabilityof soil bycomparing
sorptivity values with both water and an ethanol solution
as the infiltrating fluid. These workers also used a small
(–20mm water) negative fluid pressure at the vertical
tube tip as well as estimating hydraulic conductivity
directly, following Leeds-Harrison and Youngs (1997).
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18 Unconfined Measurements
in the Field

18.1 Introduction

Measurement of the dynamic properties of soil water in the
fieldusually involves a lotof labour, equipment andwater, as
well as overcoming problems of accessibility to sites. This
makes measurements on small samples, usually in a labora-
tory environment, anattractive alternative. Severalmethods
applicable to field soil samplesweredescribed in theprevious
chapter. However, these do not generally take account of
large-scale features often found in the field, such as macro-
pores induced by soil structural organisation or root and
animal activity, the interplay of different soil horizons,
microtopographyormesoscale spatial variability.Evenwith-
out such problems, field measurements are needed to check
that laboratorymeasurements are representative of the field
situation. This chapter explores the more common field
measurement techniques, starting with those applicable
mainly to saturated soils and then those for unsaturated soil.

18.2 Saturated Measurements

Measurements in the saturated zone, that is, beneath
the water table, were developed earlier than those for the
unsaturated zone, partly because this is a more stable envi-
ronment. The measurements were also of practical impor-
tance in the design of land drainage schemes and for
developing water supplies from pumped boreholes. Mea-
surements of saturated hydraulic conductivity can also be
made in the normally unsaturated zone, and thesemethods
often also yield information about unsaturated soil proper-
ties close to saturation.

18.2.1 Borehole methods

Use of a borehole drilled into the saturated zone provides a
relatively simple way to make measurements at almost all
depths. As a consequence, methods have been developed to
estimate hydraulic conductivity measurements made in
boreholes.

Drilling of a borehole appears at first sight to be rela-
tively simple, but there are a number of pitfalls. The theory
usually assumes a perfectly cylindrical hole, which may be
difficult to achieve in practice, particularly where there are
large stones in the profile. Some soils, for example, running
sands, may slump into the hole, making it both difficult to
clear the hole and leaving a large cavity behind. Using a
slotted casing in the hole to support the profile while allow-
ing free passage of water can prevent this. Selection of a
suitable size and density of slots requires some considera-
tion to ensure that the borehole does not silt up, while
the casing offers negligible resistance to flow. Use of a geo-
textile in association with a slotted casing may offer a good
solution, combining a fine filter with good hydraulic trans-
mission. In clay soils, the drilling of the borehole or inser-
tion of a casing may produce smearing of the sides of the
hole by orienting the clay platelets along its surface. This
can prevent the free exchange of water between the forma-
tion and the hole. In this case the borehole may be devel-
oped by pumping water out, inducing an inflow of water,
the force of which disrupts the thin skin of oriented clay.
This may need to be repeated a few times. Alternatively
or additionally, the sides of the hole can be abraded by a stiff
brush or by using a spiked wheel (Reynolds & Elrick, 1986)
to disrupt or remove a lot of the skin.

The auger hole method or slug test
This is perhaps the simplest method, requiring only an
open or slotted cased borehole drilled some distance below
the water table, as shown in Fig. 18.1a.With the water level
in the hole in equilibrium with the water table, the water
level is changed, either by pumping water out of or into
the hole and monitoring the subsequent recovery.
A simple method to alter the water level without the use
of pumps is to drop a solid object of known volume into
the hole. Removal of the object after re-equilibration of
the water level allows the test to be performed with a low-
ered water level.

The water level is most accurately monitored by a
pressure transducer in the hole connected to a data logger.

Soil Water Measurement: A Practical Handbook, First Edition. J. David Cooper.
© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.
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Manual recording of the level is, however, possible. The
simplest method uses a float attached to a measuring
tape, which is read against a fixed point at the top of the
borehole.

Analysis of the data depends on assuming that the water
table level outside the hole is unaffected by disturbance to
the water level inside. For a substantial change in water
level, this implies that only measurements taken during
the early part of the borehole level recovery are used.

With these assumptions, the rate of decrease of the
water level drawdown, y, is proportional to the hydraulic
conductivity (Kutilek & Nielsen, 1994; Youngs, 2001):

Ks =C
dy
dt

, 18 2 1

where
C is a shape factor, dependent on the radius of the hole;
y is the drawdown of water in the hole, and
H is the depth of the bottom of the hole beneath the rest

water table level, and
s is the height of the bottom of the hole above an imperme-

able boundary.
Youngs (2001) quoting Ernst (1950) gives approximate

solutions for Equation 16.1.1 as

Ks =
4 63

20 + H
r 2−

y
H

r
y
dy
dt

for s > 0 5H; 18 2 2

Ks =
4 17

10 + H
r 2−

y
H

r
y
dy
dt

for s = 0 18 2 3

Equation 18.2.2 applies to a soil that is effectively infi-
nitely deep, while Equation 18.2.3 applies to a hole that
penetrates to the impermeable layer. Boast and Kirkham
(1971) derived values of the shape factor, C, for combina-
tions of a wide variety of parameter values. These are also
quoted by Youngs (1991, 2001).

Flow into the borehole is almost exclusively horizontal
in this method and so it produces estimates of the horizon-
tal saturated hydraulic conductivity.

The piezometer method
Like tensiometers, piezometers measure the pressure of
water in the ground, but unlike tensiometers, they will do
so only in the saturated zone. A piezometer consists, at its
simplest, of an open-ended tube sealed into a borehole.
There is usually a section of unscreened borehole of height
w at the bottom to allow water to pass between the forma-
tion and the piezometer. In an unstable formation, a perfo-
rated or slotted screen is needed. The pressure may be
measured by one of the pressure measuring devices
described in Chapter 12 on tensiometers, but most often
the tube is open and the level in the open hole is measured
by a float and measuring tape or an electronic level sensor.
A piezometer for groundwater monitoring is usually a rela-
tively narrow tube, typically 25–50mmdiameter. Formeas-
urement of hydraulic conductivity, it is normally at least
100mm diameter, although narrow piezometers installed
for water head monitoring can be used (Goss & Youngs,
1983). The arrangement is shown in Fig. 18.1b. The experi-
mental method is almost exactly the same as for the auger
holemethod – a suddenchange inwater level inside thehole
is induced and the subsequent recovery monitored.

The hydraulic conductivity in this case is given by
(Youngs, 2001)

Ks =
πr2 ln y0

y

A t−t0
, 18 2 4

where
y0 is the water drawdown at an early time, t0;
y is the drawdown at a later time, t, and
A is a shape factor dependent on the ratio of the depth from
the surface to the top of the cavity, d; the height of the
cavity, w, and the distance to an impermeable layer, s,
to the radius of the well, r.
A table of shape factors can be found in Youngs (1968,

1991, 2001).
When the height of the cavity, w, is small or even zero,

water flow is predominantly in the vertical direction, and
so this method is biased towards an estimate of the vertical
saturated hydraulic conductivity.

Fig. 18.1 Experimental arrangement for (a) the auger hole method
and (b) the piezometer method of measuring saturated hydraulic
conductivity below the water table. Adapted from Youngs (2001).
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Two-well method
In this method, two wells of the same depth are sunk below
the water table and water is pumped from one to the other,
depressing the water level in one and raising it, in principle
by the same amount, in the other. At steady state, the
hydraulic conductivity is given by (Smiles & Youngs,
1965; Youngs, 1991, 2001)

Ks =
Q

πΔH L+Lf
cosh−1 b

2r
, 18 2 5

where
Q is the pumping rate;
ΔH is the difference in water level height between the

two wells;
L is the length of eachwell below the rest water table depth;
Lf is a correction for flow within the capillary fringe and

water flow beneath the bottom of the wells;
b is the distance between the wells, and
r is the well radius.

Variants of the method use several wells arranged in a
circle with water being pumped between alternate ones
(Smiles &Youngs, 1963) and using the water level observed
in inspection wells located between the pumped wells to
eliminate the effect of clogging.

Single pumped wells
Groundwater hydrologists have, for many years, used
measurements of the water table drawdown close to a
well pumped at constant rate to estimate aquifer charac-
teristics. The drawdown, y, at time t after pumping starts
is given by the Theis formula (Theis, 1935):

y = −
Q
4πT

Ei −
R2S
4Tt

, 18 2 6

where
Q is the steady pumping rate;
T is the aquifer transmissivity (the product of saturated

hydraulic conductivity and aquifer thickness);
R is the distance of the observation well from the pumped

well and
S is the storage coefficient of the aquifer (the specific yield

for a free water table aquifer – the amount of water
released by a unit reduction in the groundwater level).

Ei(x) is the exponential integral −
∞

−x
e−v v dv. Although

this looks like a fairly straightforward function, it is
not, owing to a singularity at v = 0.
Both S andT can be estimated bymatching a log–log plot

of y against R2/t to the function Ei(x).

Inverse auger hole method
Saturated hydraulic conductivity may also be measured
above the water table, provided that there is enough water
available to saturate a substantial volume of soil. In the
inverse auger hole method (so called because water flows

out of the hole, rather than into it, as in the auger hole
method), water is added to an auger hole of radius, r, to
some depth and the depth, h, is monitored over time, t
(Kessler &Oosterbaan, 1974). The field-saturated hydraulic
conductivity, Kfs, to distinguish it from the true saturated
conductivity, is given approximately by

Kfs =
r

2 t−t0
ln

1 + 2h0
r

1 + 2h
r

, 18 2 7

where h0 is the depth at time t0 at the beginning of
monitoring.

Kfs is often found to be only about half of the true satu-
rated conductivity, mainly because of the presence of air
trapped in soil pores (Stephens et al., 1987). However, over
time, the air is dissolved or able to escape. A short test may
therefore lead to a value of hydraulic conductivity which is
unrealistically low when the measurement is used to pre-
dict behaviour when the soil is saturated for extended
periods.

The analysis assumes that there is a unit hydraulic gra-
dient in the soil, and so the results may be regarded as
approximate at best.

Borehole permeameter or Guelph Permeameter
The borehole permeameter maintains a fixed water level in
an open borehole bymeans of aMariotte device (see Appen-
dix 18.B), a float valve or other means. Theoretically, the
rate at which water infiltrates into the soil surrounding
the hole falls initially and then levels off to a steady rate.
Solving the Richards equation in three dimensions is a
complex task, but approximate analytical solutions have
been derived by Reynolds et al. (1985) and Philip (1985),
assuming that the Gardner (1958) form of the hydraulic
conductivity relation, Equation 16.2.2, applies.

The basic theoretical foundation for this is outlined in
an appendix to this chapter (Section 18.A.3).

A schematic representationof a borehole permeameter is
shown in Fig. 18.2. The water level in the hole is controlled
by the elevation of the bottomend of the air tube,which can
be adjusted by sliding it up anddown.The rate of infiltration
out of the hole is measured by monitoring the fall of the
water level in the transparent reservoir against a scale.Auto-
matic recording and better precision can be obtained by
using a pressure transducer as shown in Fig. 18.2
(Constantz & Murphy, 1987) or better a differential trans-
ducer (Casey & Derby, 2002), see the appendix, Section 18.
B.2. The size of the reservoir is a compromise between sen-
sitivity of level (i.e. volume) measurement and its holding
sufficient water to complete a test. In low permeability soil,
the volume of water needed is fairly small (usually less than
0.5 L), so that a small cross-sectional reservoir of about 20
mm inside diameter should suffice, giving a resolution of
just over 2mL per mm of water level change when the vol-
ume of the air tube is taken into account. For soil with high
hydraulic conductivity, more water storage is obtained by
increasing the cross-sectional area of the reservoir.
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The basic design and operation of a user-friendly ver-
sion of the borehole permeameter, the ‘Guelph Permea-
meter’, was described by Reynolds and Elrick (1986). It
incorporates features to allow control of water inlet to
the hole, adjustment of the water level in the hole and pre-
vention of water swirling too quickly into the hole, caus-
ing possible erosion of the sides. For the last function,
Reynolds and Elrick (1986) used fine gravel inside the bot-
tom of the supply pipe.

Other designs of borehole permeameter have been pub-
lished by Amoozegar (1992) and Bell and Schofield (1990).

The latter authors describe an instrument for measuring
soils of high hydraulic conductivity using a 40 L reservoir
and separate water delivery and air tubes, controlled by
taps. The basic control of the water level by shutting off
the air into the upper part of a sealed reservoir is, however,
the same as in the Guelph Permeameter.

Problems with borehole permeameter measurements
arise because the progress of infiltration sometimes fails
to follow the theoretically expected course. Stephens
et al. (1987) discovered that, in some of their measure-
ments, the rate of infiltration dropped initially, as expected,
and then rose again after some time, to reach a new (and
higher) steady rate. Bell and Schofield (1990) also reported
increasing infiltration rates with time, not necessarily
reaching a steady state.

Operation The first requirement is to prepare a suitable
auger hole for the test. It is important that the lower part of
this, which will be used for the test, is of as uniform diam-
eter as possible and that the bottom of the hole is flat. Spe-
cial augers are available from several manufacturers to
achieve this, but if a spiral auger is used, it should have
the small lead tip ground off. If the soil contains a signifi-
cant quantity of clay, it may be necessary to remove the
smeared layer (see Section 18.2.1). If the hole is sufficiently
shallow, smearing can be identified by shining a light onto
the exposed surface. Smeared soil appears smooth and may
look a little shiny. Suitable diameters range from 20 to 100
mm, although the larger the diameter, the more water is
required and the greater depth of water in the hole needed
to ensure a reliable result (Bell & Schofield, 1990). This
reduces the depth resolution, uses more water and takes
a longer time to achieve steady state.

Assemble the permeameter and place it in the hole. The
base of the water delivery tube usually most conveniently
sits on the bottom of the hole. In shallow holes, lateral sup-
port for the reservoir is needed, using a tripod or other
stand. The permeameter can now be filled withwater. Note
that in Fig. 18.2, there is no provision to prevent water fill-
ing the hole during this operation. Several ways are possible
for this, including taps (Bell & Schofield, 1990), screwing
the air tube into thewater delivery tube (Reynolds&Elrick,
1986) or pushing a soft plastic seal against the bottom of the
water delivery tube (Soilmoisture Equipment Corp., 2012).
The reservoir should be full. This is because control of
water supply into the hole depends on developing a partial
vacuum in the top of the reservoir. If there is too much air
initially in the reservoir, then a considerable quantity of
water must flow into the hole before a vacuum is estab-
lished in the reservoir to oppose water flowing into
the hole.

Seal the reservoir and raise the air inlet tube to set the
desired depth ofwater in thewell. Air will enter the air inlet
tube, allowing water to flow out into the well until water
covers the bottom of the air inlet tube and cuts off the
air. TheMariotte principle will now control the water level
in the hole, with only minor fluctuations of the level.

Fig. 18.2 Schematic of a borehole permeameter.
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Selection of suitable water head(s) in the well is a compro-
mise between accuracy, depth resolution and water econ-
omy. Bell and Schofield (1990) recommended that the
ratio of the water depth to the borehole radius, h/r, be at
least 10 to ensure reasonable accuracy of calculated satu-
rated hydraulic conductivity at any given flow rate. How-
ever, this usually results in large depths of water in the
well, which increases water use, takes longer to achieve a
steady flow rate and increases the chance of spurious mea-
surements resulting from heterogeneities in the well. Most
workers appear to use ratios between 2 and 5.

Monitor the water level in the reservoir at set time
intervals, which is a measure of the flow rate into the hole.
A 1- or 2-min interval is suggested as an initial try, but in
slowly permeable soils, much longer intervals may be
appropriate.

If the soil is very permeable, water may drain out of the
hole so rapidly that there is an almost continuous flow of air
up the air tube, resulting in large bubbles and consequent
large fluctuations in the water level in the reservoir.

Continue the test until a steady rate of fall of the water
level in the reservoir is achieved. This is the desired
measurement.

There are two basicmodes of operation. One is a test at a
single level of water in the hole, while the other uses two or
more levels sequentially (see the following text). If more
than one level is used, the shallowest water level should
be used first, followed by successively deeper ones. To
change the water level, raise the air tube to the next desired
height and repeat the test.

After testing the hole as described in the previous text,
the hole may be deepened and measurements made at a
new depth.

Calculations Much of the complication in making the
calculations can be avoided by setting up the relevant equa-
tions in a spreadsheet, so that only a few numbers need be
entered to performwhatmay otherwise be a complex calcu-
lation. Provided that the formulae have been well tested
beforehand, it also makes errors in the calculations much
less likely. A suitable spreadsheet is available on the web-
site of Soilmoisture Equipment Corporation (www.soil-
moisture.com) in the Operating Instructions (Guelph
Permeameter) section.

First, changes ofwater level in the reservoirmust be con-
verted to volumes of water. The effective cross-sectional
area of the reservoir can be calculated, knowing the inner
diameter, D, of the reservoir tube and the outer diameter,
d, of the air tube. The effective cross-sectional area, A, is
then given by

A =
π D +d D−d

4
18 2 8

Multiplying A by the level change yields the volume of
water flowing out of the hole. Alternatively, the effective
cross-sectional area can be measured directly by filling

the reservoir (containing the air tube) withwater, collecting
and measuring the water flowing out of it from a measured
fall in the water level.

The shape factor(s),C, must also be calculated according
to Equation 18.A.30. These are incorporated into the
spreadsheet on the Soilmoisture Equipment Corporation
website.

CALCULATION WITH MULTIPLE HEADS Where the test is run
with two different heads of water in the borehole,
Equation 18.A.29 may be solved for each value of h, to
derive both Kfs and α.

The solutions for steady flow ratesQ1 andQ2 at heads h1

and h2 are given by Reynolds and Elrick (1986) and can be
rearranged to give

Kfs =
h1C2Q2−h2C1Q1

π 2h1h2 h2−h1 + r2 h1C2−h2C1
; 18 2 9

α =
2 h1C2Q2−h2C1Q1

2h2
2 + r2C2 C1Q1− 2h1

2 + r2C1 C2Q2

, 18 2 10

where C1 and C2 are the values of C corresponding to h1/r
and h2/r.

If tests have been run at more than two depths, then a
least squares approach is possible, as described by Reynolds
and Elrick (1986). Unfortunately, the equations are ill con-
ditioned, whichmeans that a small error inmeasuringQ or
h is likely to produce a large error in Kfs or α or both. The
theory also assumes that the soil is homogeneous over
the largest depth rangemeasured. Changes in soil hydraulic
properties over the depth range of heads employed, macro-
pores or other preferential flow paths or changes in borehole
conditions betweenmeasurement runs (e.g. partial collapse
of the borehole) will affect the results and lead to poor esti-
mates of Kfs or (especially) α, often producing a negative
value for one or both parameters. Ragab and Cooper
(1993) reported negative values of α being recorded in
34–55% of measurements in a small catchment in South
West England.

CALCULATION WITH A SINGLE HEAD Kfs is relatively insensitive
to α. Bell and Schofield (1990) estimated a maximum
error of 20% in Kfs when α was varied from 10 to
100m−1, appropriate for coarse soils. For these reasons,
several workers prefer to use a single head measurement,
with either an independentlymeasured or estimated value
of α. Appropriate values of α according to Elrick et al.
(1989) are:

Compacted, heavy, structureless clays and silts 1m−1

Unstructured clays, silts and very fine sands 4m−1

Most structured clays, loams and medium and fine
sands

12m−1

Coarse and gravelly sands; highly structured
macroporous soils

36m−1
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Bell and Schofield (1990) recommended a single value of
20m−1 for high permeability soils where no other estimated
value of α was available, being in the middle of the range
and close to where a minimum error resulting from an
incorrect value of α may be found.

In any event, if the calculation for a two-head experi-
ment returns an unrealistic value for α, it is still possible
to derive an estimate for Kfs from the measurements with
each of the two heads and an assumed value for α.

For a single head, Kfs is estimated directly from
Equation 18.A.29 as

Kfs =
Q

π r2 + 2h
C h + 1

α

18 2 11

Commercially available equipment A fully engineered
version of the Guelph Permeameter is sold by Soilmoisture
Equipment Corporation, Santa Barbara, California.
A photograph is shown in Fig. 18.3. This makes setting
up the equipment quite simple. It has dual concentric
reservoirs to cover both high and low hydraulic conduc-
tivity soils, which can be selected by means of a knob on
the body of the device. The standard instrument is

suitable for operation at depths to 0.8m, but deeper mea-
surements can be made using an extension kit(s), with a
limit of about 6m depth. The theoretical limit is set by
the maximum length of a column of water that can hang
from the partial vacuum in the head space of the
reservoir.

The various parts fit together with plastic push-on con-
nectors, which inmany cases also seal the tubes. These can
wear, sometimes surprisingly quickly, with the result that
components may come apart and/or leaks develop. It is
recommended, therefore, to purchase spares of those parts
that are used frequently.

The device is simple to set up and, provided that pre-
cautions are taken to avoid scouring of the hole by limiting
the rate at which water enters the hole initially, it is the
most convenient way to perform constant head bore-
hole tests.

18.2.2 Infiltration from rings at the surface

Single-ring infiltrometer
Perhaps the best-established technique for measurement
of near-surface hydraulic conductivity is the ring infilt-
rometer. This is partly a result of its simplicity, requiring
just a circular ring pressed a little way into the surface to
avoid leaks, a means of maintaining an approximately
constant head of water above the soil surface and meas-
urement of the infiltration rate from the amount of water
used to replenish the ring. Early applications assumed
that the flow out of the ring divided by its surface area
could be equated with the saturated hydraulic conductiv-
ity of the soil. Youngs (1987, 2001) showed from experi-
ments with rings of different sizes that the infiltration
rate depended very heavily on the ring diameter
and inferred that the effect of capillarity (i.e. the
additional force associated with matric potential)
could not be ignored. This effect had previously been
explored by Wooding (1968) for a soil whose hydraulic
conductivity corresponds to the Gardner (1958) form,
Equation 16.2.2.

Some authors (e.g. Lassabatère et al., 2006) have used
a simplified experimental technique. Rather than try to
maintain a constant head in the ring, they noted that if
a known volume of water sufficient to make only a shallow
pool of water is put into it, then the fluctuation in head at
the soil surface to when the water disappears is very small.
The water is then replenished and the procedure repeated
several times until a constant infiltration rate is achieved.
An infiltration rate v time curve can be constructed from
the replenishment times. Lassabatère et al. (2006) labelled
this procedure the Beerkanmethod. They also extended the
analysis method using the van Genuchten (1980) and
Brooks and Corey (1964) models with particle size distribu-
tion of the soil, initial and saturated water content. By
applying the theoretical model of Haverkamp et al.
(1994), they were able to estimate the parameters describ-
ing both the soil water characteristic and unsaturated

Fig. 18.3 Guelph Permeameter. Photograph reproduced with
permission from Soilmoisture Equipment Corporation. (See insert
for colour representation of the figure.)
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hydraulic conductivity, as well as the field-saturated
hydraulic conductivity.

Double-ring infiltrometer
The effects of capillarity had been recognised long before
this, and attempts made to combat it by use of double rings,
in which a small diameter ring sits inside a much larger one.
The water level is maintained equally inside both rings, but
only measurements from the inner one are used. The area
inside the large ring provides a ‘buffer zone’, where the vast
majority of the lateral flow should occur. Double-ring infilt-
rometers are still used extensively but require an outer ring
diameter of at least 300–500mm and so usually consume
large quantities of water, as well as operator attention, to
keep the water level in both inner and outer rings sensibly
constant and equal to one another. The infiltration rate from
the inner ring is assumed equal to the saturated hydraulic
conductivity of the soil.

Talsma’s method
Another solution to the lateral flow problem is to bury the
ring some distance into the soil, so that flow is confined to
be one-dimensional. In the early stages of infiltration, capil-
lary effects usually dominate over those due to gravity and
infiltration proceeds proportional to the square root of time,
as described in Section 3.3. This can be used to estimate the
sorptivity,while amore reliablemeansofmeasuring the sat-
urated hydraulic conductivity is obtained by carefully
removing the ring and contained soil and infiltrating water
through it at a constant headuntilwater drips out of the bot-
tom. See Talsma (1969) or Clothier (2001) for more detail.
This method is clearly only applicable for soil in which it
is possible to insert a ring to some depth (Talsma used 250
mm) without unacceptable soil disturbance.

Twin rings
The analysis of Wooding (1968), Equation 18.A.21, showed
that the infiltration from a single ring has two components,
which can be easily separated. The component relating to
the saturated hydraulic conductivity of the soil is equal
to that which would occur under gravity alone through
the area of the ring; that is, proportional to r2. The part
due to capillarity is proportional to the length of the perim-
eter of the ring or to r. Therefore, using two rings of different
diameter, the two components can be distinguished. How-
ever, spatial variability means that there will usually be
appreciable scatter between measurements at different
locations with the same diameter ring. It is necessary,
therefore, to make several (10–20) replicate measurements
with each ring. Using Equation 18.A.21, for two rings of
radius r1 and r2, we obtain

Q1 = πr12Kfs + 4r1ϕs 18 2 12

and

Q2 = π2r22Kfs + 4r2ϕs 18 2 13

Then

Kfs =
Q1r2−Q2r1
πr1r2 r1−r2

18 2 14

and

ϕs =
Q1r22−Q2r12

4r1r2 r2−r1
18 2 15

Choosing the diameter of the rings is important. Large
rings have only a relatively small capillarity effect, while
infiltration from small rings is dominated by capillarity.
Scotter et al. (1982) found that adequate separation of Kfs

and ϕwould be achieved if the larger ring was at least twice
the size of the smaller one and suggested that rings of 250
and 500mm would be suitable for a wide range of soils
(Clothier, 2001). Youngs (1983) suggested that rings smaller
than 150mm do not usually provide sufficient sampling
area to allow for a representative elementary volume. Data
presented by him showed a rapid reduction in scatter
between replicate measurements over a field as the size
of the ring increased.

The pressure infiltrometer
A variant on the simple ring infiltrometer, the pressure
infiltrometer, was introduced by Reynolds and Elrick
(1990). The ring is inserted some depth into the soil, typi-
cally 50mm, and a positive head of the order of 250mm
water maintained above it, usually by a Mariotte device.
Reynolds and Elrick (1990) found that an equation of very
similar form to that for the borehole permeameter
(18.2.11) could be used to analyse the steady flow obtained
for a single depth of ponding:

Kfs =
QG

πr2G + r h+ 1
α

, 18 2 16

with

G = 0 316
r
a
+ 0 184, 18 2 17

where
d is the depth to which the infiltrometer ring has been
inserted and

G is a shape parameter.
Reynolds and Elrick (1990) found that by assuming a

value for α, substantial errors in estimation of Kfs would
occur. They therefore recommended that measurements
be taken sequentially at two widely different pressure
heads, h, when both Kfs and ϕs can be calculated sepa-
rately. This improves the robustness of the solutions to
small measurement uncertainties. In this case, for steady
flow rates of Q1 and Q2, corresponding to heads of h1

and h2:
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Kfs =
G
r

Q2−Q1

h2−h1
; 18 2 18

ϕs =
G
r

h2Q1−h1Q2

h2−h1
−πrG

Q2−Q1

h2−h1
, 18 2 19

and from (18.A.12)

α≈
Kfs

ϕs
18 2 20

The use of large pressure heads also makes measure-
ment more rapid, which is a big advantage in slowly per-
meable soil.

The device is available as an attachment to the Guelph
Permeameter or as a stand-alone instrument produced by
Soilmoisture Equipment Corporation. Extreme care is
needed when inserting the ring to prevent rapid flow paths
from being created. This can be difficult in dry soils, for
which it is recommended that they be wetted beforehand.
The pressure infiltrometer is particularly useful for mea-
surements of very slowly permeable soils, for example,
heavy clays and clay liners.

The tension infiltrometer
This device is also commonly known as the disc permea-
meter. It is a variant on the single-ring infiltrometer, but
instead of applying a small positive head of water on the soil
surface, there is a small negative head. Clothier (2001)
describes the evolution of the device.

The essential elements of a tension infiltrometer are
depicted in Fig. 18.4. A water reservoir, controlled by a bub-
ble tower (see the appendix, Section 18.B.2), delivers water
through a porous membrane to the soil surface. The water
potential just above the membrane is equal to the depth of
the lower end of the air tube below the water surface in
the bubble tower and can be adjusted by raising or lowering
the air tube. A thin layer of fine sand or silica flour is used to
ensure good contact with the soil surface. This needs to
remain saturated at the lowest potential employed and be
as thin as possible while filling all gaps between the mem-
brane and soil surface. The porous membranemay be of sin-
tered glass (Clothier & White, 1981), high conductivity
porous ceramic or fine nylon mesh (Perroux & White,
1988), with an air entry value greater than the lowest poten-
tial to be used. Some designs (e.g. Chong &Green, 1983; Jar-
vis et al., 1987) dispense with the porous membrane in
favour of a mesh screen and rely on the contact sand to pro-
vide the porous barrier to air entry. This is simpler to con-
struct and more robust but less convenient in use. Both
Chong andGreen (1983) and Jarvis et al. (1987) inserted a ring
into the soil to confine flow in the early stages to the vertical
direction and to support the infiltrometer. Some designs (e.g.
Chong & Green, 1983; Jarvis et al., 1987) use hypodermic
needles inserted through ports in the side of the reservoir
instead of a bubble tower. The needle size and its height

in the reservoir control the applied potential, but it is diffi-
cult to predict it precisely in advance without calibration.
Jarvis et al. (1987) used a pressure transducer in the base of
the infiltrometer to measure the pressure. A bubble tower
is a more flexible, but expensive, arrangement.

Operation of the infiltrometer is simple, the most diffi-
cult part being to ensure good contact between the porous
membrane and the soil surface via the contact sand. With a
smooth surface prepared using the sand, the infiltrometer is
filled with water and the air tube set at the desired height.
Blocking off the air tube prevents water from running out of
the base while positioning the infiltrometer. Once this has
been done, the air tube can be unblocked and measure-
ments of infiltration at fixed time intervalsmade by reading
the level from the scale. Measurements need to be made
until a steady infiltration rate has been achieved. This
may take anything from several minutes to several hours
and theremay be a temptation to finish the experiment pre-
maturely as a result. This should be resisted.

The analysis of Wooding (1968), Equation 18.A.23, can
be used to estimate Kt and ϕt from the steady infiltration
rate. These are the hydraulic conductivity and matric flux
potential of the near-surface soil at the applied matric
potential. This equation involves two unknowns. To sepa-
rate them, there are a number of possible strategies.

The early-time infiltration is dominated by vertical flow
under capillary conditions, that is, it should conform to
infiltration proceeding according to the square root of time,
as described for Talsma’s method in Section 18.2.2, which
yields the sorptivity from Equation 3.3.2. By measuring the

Fig. 18.4 Schematic of a tension infiltrometer.
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change of water content, (θf − θi), from before (usually by
taking a sample of soil close to the infiltrometer position),
and after the experiment (from beneath the infiltrometer),
the sorptivity can be used to calculate an approximate
value for ϕt and α from (White & Sully, 1987; Cloth-
ier, 2001)

ϕt≈
0 55S2

θf−θi
, 18 2 21

and

α≈
Kt θf−θi
0 55S2

18 2 22

Where the approach to constant rate infiltration is rapid
or where a fairly thick layer of contact sand has been used,
the square root of time phase may be difficult to identify.

The same strategy as for ordinary twin ring infiltrom-
eters, described in Section 18.2.2, can be used to circum-
vent this problem (Smettem & Clothier, 1989). This gives
two sets of equations which can be solved to yield Kt and
ϕt. The same limitations apply as described in that discus-
sion. Thony et al. (1991) proposed using three (or more) dif-
ferent radius rings, each used at several different pressure
heads, with a regression of infiltration rate against ring
radius. This was labelled Triple Ring Infiltrometers at Mul-
tiple Suctions (TRIMS) and claimed to overcome some of
the problems associatedwith the spatial separation of rings.

A further possibility, due to Ankeny et al. (1991), is to
run the experiment with the infiltrometer in one position
but at two (or more) different heads. With two heads, the
steady infiltration rate is described by

Q1 = πr02Kfse
αψ1 + 4r0

Kfseαψ1

α
, 18 2 23

and

Q2 = πr02Kfse
αψ2 + 4r0

Kfseαψ2

α
, 18 2 24

where Equations 18.A.10 and 18.A.12 have been used to
substitute for K(ψ t) and ϕt in Equation 18.A.23. These can
be solved for Kfs and α by an iterative technique.

Performing the experiment at several different values of
h allows the unsaturated hydraulic conductivity function
to be built up over a range of near-saturated water poten-
tials. Although there is an assumption that the exponential
form of the hydraulic conductivity function applies, this
needs to be approximately true only over the limited range
between two measurement potentials.

The tension infiltrometer method’s main strength is
that it allows the hydraulic conductivity of the soil at high,
but not saturated, matric potential to be measured. This
takes out some or all of the macropores from the flow field,
allowing their influence to be partially or wholly excluded,

depending on the selected head and hence the macropore
size distribution as well as the soil’s intrinsic hydraulic
conductivity to be investigated (e.g. Jarvis et al., 1987).

Sorptivity measurement from horizontal boreholes
An interesting application of unsaturated infiltration the-
ory was demonstrated by Flint et al. (1994) tomeasure sorp-
tivity of volcanic tuff at depths of several tens of metres,
accessed by a large shaft. Horizontal boreholes 9m long
and 0.11m diameter were drilled from the shaft, and a
packer was inserted to seal off the open end. A pipe, passing
through thepacker, injectedwater into thehole froma160 L
Mariotte device to maintain a zero constant pressure at the
top of the borehole. Flint et al. (1994) argued that at early
times, the effect of gravity and the non-planar wall could
be ignored and that infiltration would proceed according
to the square root of time. The sorptivity of the formation
surrounding the borehole could thus be estimated from the
infiltration rate. After infiltration for some time, the
increase in water content of the formation was measured
using a neutron probe. This showed fair agreement in most
cases with the amount of water that had infiltrated, as
measured by the Mariotte device. In other cases, it seemed
likely that water had infiltrated cracks in the tuff, enhan-
cing infiltration and reducing the water detected by the
neutron probe. Fair agreement was also obtained between
sorptivity estimated from the boreholes in the field and
from laboratory measurements on soil cores taken
from them.

18.3 Unsaturated Measurements

As well as saturated hydraulic conductivity, some of the
methods described in Section 18.2 estimate unsaturated
hydraulic conductivity very close to saturation, relying
on an assumed exponential form of the unsaturated hydrau-
lic conductivity function, Equation 18.A.10. They also
apply only to small volumes of soil.

The methods described here measure hydraulic conduc-
tivity on large volumes of soil over a wider range of water
status, although to only a little drier than ‘field capacity’.
Reliable field measurement techniques at the dry end of
the water range remain elusive. The methods are also ame-
nable tomeasuring variations of the hydraulic conductivity
function with depth.

18.3.1 Instantaneous profile method

The instantaneous profile method is a popular field tech-
nique, simple in concept and fairly easy to implement exper-
imentally. The term appears to have been originated by
Watson (1966), although the method was in use before this.

The essential requirements are a reasonably flat, bare site
that can be flooded over an area of at least 5m diameter (lar-
ger if measurements are needed to depths greater than 2m),
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ameans ofmeasuring thewater content andwater potential
of the soil as a function of depth and time, a means of cov-
ering the soil surface over the area to prevent evaporation
and rainfall input for a period of a few weeks and a supply
of water sufficient to saturate the profile over the experi-
mental area to the maximum depth of measurement.

Theory
The hydraulic conductivity is defined as the ratio of the
water flux to the hydraulic potential gradient. In one
dimension (vertical), this can be written as

K = −
q
∂ψ

∂z

18 3 1

The hydraulic potential gradient can be measured fairly
readily by tensiometers placed at different depths. The soil
water flux, q, however, is more difficult, and reliable field
instruments are not available for the range required. It
can, however, be calculated from the change in water con-
tent of a volume of soil. In the one-dimensional case, this
can be regarded as a slab of soil with no flow across the ver-
tical faces, since all water is assumed to flow vertically.
This is illustrated in Fig. 18.5 for two depths, za and zb, at
three times, t1, t2 and t3. In the absence of any flow out
of the sides of the slab or any other sources or sinks of water
(e.g. root extraction), the rate of change of water stored in
the slab, W, is equal to the difference between the flux of
water into it, qa, and that flowing out, qb, that is,

dW
dt

=qa−qb 18 3 2

Over a period of time, say, between t1 and t2, this results
in a change of water storage in the slab ofW2 −W1. This can
be related to the average flux qa and qb across za and zb over
the time interval (t2 − t1) as

W2−W1 =
zb

za
θ t2 −θ t1 dz= qa −qb t2−t1 18 3 3

This can be rearranged to

qb =qa −
W2−W1

t2−t1
=qa −

zb

za
θ t2 −θ t1 dz

t2−t1
, 18 3 4

that is, if we know the average flux over a period of time
across one depth, together with the change of water stor-
age between that depth and another one over that time,
then we can calculate the average flux across the sec-
ond depth.

In the instantaneous profile method, the depth at which
we know the water flux is the soil surface and the known
flux is zero, that is, za = 0 and qa = 0 at all times. So by mea-
suring the water content at a series of times and at several
depths, the average water flux across any chosen depth can
be calculated from the integrated change in water content
from the surface to that depth.

Experimental methods
The first requirement is for a reasonably level site,whichcan
be kept flooded, usually for several days, to saturate the pro-
file uniformly. Unless the site is reasonably level, it is not
possible to pond water over the whole surface. The amount
of water needed to do this is quite large. For a plot of 5m
square, at initial and field-saturated water content of 0.2
m3m−3 and 0.5m3m−3, this theoretically requires 15m3

water to wet it to a depth of 2m, although some will flow
out of the bottom and there will inevitably be some other
water losses, so that planning on 25m3 would be wise. The
plot will need to be confined by a bund or plastic-covered
boards to keep a small head of water over the area.

Clearly, the more frequently and the more depths at
which water content is measured, the better can the chan-
ging fluxoverboth timeanddepthbedetermined.TDRwith
rods inserted vertically from the surface is very well suited
for this, as it inherentlymeasureswater content down to the
depth of the length of the rods and frequent automatic log-
ging is possible, although the maximum depth of measure-
ment may be limited. Capacitance probes (e.g. Sentek
EnviroScan) are able to measure frequently at a limited
number of discrete depths, and so some degradation of data
quality will be experienced from this cause. Manual meth-
ods of water content measurement (e.g. neutron probe or
Sentek Diviner) limit both the depth and time resolution.
Nevertheless, many investigations have used neutron
probes formeasuring thewater flux using the instantaneous
profilemethod (e.g. Flühler et al., 1976;Dane, 1980;Dane&
Hruska, 1983;Hodnett&Bell, 1986;Moutonnet et al., 1988;
Sisson et al., 1988). Others have relied, apparently success-
fully, on laboratory-measured soil water characteristic
curves, together with tensiometer measurements, to esti-
mate water content changes (e.g. Arya et al., 1975a;

Fig. 18.5 Relationship between one-dimensional water flux
across two depths and change in water storage between them.
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Matzdorf et al., 1975; Rice, 1975; Reicosky et al., 1977).
With measurements of water content made at discrete
depths, interpolation and integration of this variable over
a depth range are needed using methods discussed in
Section 7.9.2.

Potential gradient is measured almost exclusively by
tensiometers (Chapter 12), although gypsum blocks have
been used where low water potentials are experienced
(Wellings, 1984a). This is not usually necessary, as it is very
unusual for matric potential to fall below about –5mwater
in this type of experiment. The use of pressure transducer
tensiometers connected to a data logger is useful to aid col-
lection and processing of a large amount of data and to fol-
low the early stages of drainage, which happen very quickly
in most soils. TDR or capacitance probes can be connected
to the same data logger to ensure that data are collected on a
common time base.

Selection of appropriate monitoring depths should be
guided by a survey of the profile before the experiment. This
should identify depths at which there are likely to be sharp
changes in hydraulic properties. As far as possible, the
immediate vicinity of layer boundaries should be avoided,
so that potential profiles, in particular, are not affected by
them. Some workers like to install tensiometers at depths
halfway betweenwater contentmonitoring depths, arguing
that this will make definition of the potential gradient bet-
ter. The disadvantage of this is that it makes the relation of
water content and matric potential more uncertain. Except
for the problem of layer boundaries described in the previ-
ous text, potential profiles are usually quite uniform and so
there is little disadvantage in practice if potential andwater
content data are collected at the same depths. Depending
on the equipment and other resources available, there is
no reason why the same number of depths should be mon-
itored by each type of instrument.

To reduce the problems caused by spatial variability,
water potential and water content should be measured as
close together horizontally as possible, consistent with
no disturbance to the reading of one instrument by the
other. For a neutron probe and tensiometer combination,
for instance, a separation of 0.5m should be adequate.With
an access tube-mounted dielectric probe, a closer separa-
tion is possible. Where resources permit, replication of
instrument arrays is advisable.

Once the monitoring equipment has been installed, the
plot may be flooded, and the progress of wetting monitored
by following the evolution of water content and/or water
potential. Complete saturation may not be achieved
throughout the profile. For instance, beneath a less perme-
able layer, the water flux will not be sufficient to bring the
soil to saturation. Provided that a stable water content and
potential profile has been achieved, this will not cause a
problem, other than restricting the range of water status
achieved. One problem that can be caused by a less perme-
able horizon, however, is ponding of water on top of it,
which can run off laterally, especially if there is a signifi-
cant slope to the layer. This may mean that more water

(and time) are needed to achieve steady conditions. Investi-
gation of the profile before the experiment should help to
identify the presence of such horizons. Because rapid wet-
ting may trap significant quantities of entrapped air, it is
wise to maintain a flooded surface for 1 or 2 days after
thewetting front has reached the bottomof the profile. This
should show a small and slow increase in water content,
while water potential stays effectively constant.

As soon as the profile has been wetted and surface water
has disappeared, it should be covered by a plastic sheet
to prevent evaporation and exclude rain. Access will be
required for reading the instruments if they are not all auto-
matic. In most cases, tensiometers should not need to be
refilled over the relatively short period of an experiment
with fairly modest matric potentials generated, unless
there is a fault. Where access is needed and/or instruments
need to protrude through the plastic sheet, it should be
raised up and taped securely around them to prevent rain
ingress at these points. Rainfall during the period of the
experiment, which can take typically 90 days, can cause
particular problems apart from possible entry via the plas-
tic sheet. A small slope on the experimental site may cause
water to run over the surface and into the experimental
area. During the later part of the experiment, lateral subsur-
face flowmay cause unexpected wetting at depth when the
surrounding soil is much wetter (C.M.K. Gardner, personal
communication). In sunny weather, the surface beneath
the plastic sheet gets quite hot. A surface mulch beneath
the cover helps to maintain temperature closer to that out-
side while suppressing evaporation.

Once irrigation has ceased, the initial stages of drainage
are usually rapid, requiring frequent measurement, ideally
every few minutes, especially near the surface. With auto-
matic instrumentation, this is not a problem, but with
manual recording of water content and/or potential, the
first few hours after beginning observations are likely to
be hectic. After 24 h, the rapid phase of drainage is usually
over andmeasurements of the instruments four times a day
will usually suffice, reducing to once or twice daily after
3 or 4 days.

Data analysis
Analysis of the data is straightforward, requiring only esti-
mation of the water flux by difference of the integrated
water content profiles and of hydraulic gradient by differ-
ence of water potential at adjacent depths divided by the
depth interval. If tensiometer readings aremade at the same
depths as those of water content, the relevant potential gra-
dient is obtained from the difference between the water
potential at the depth above and that below. If the profile
is fairly uniform, this should cause no particular problem.
Where there is a sharp change in soil properties, there
should also be no problem, provided it was recognised dur-
ing the experimental design and depths were selected
accordingly. It is not wise to interpolate water potential
readings across a sharp boundary, although if its position
is sufficiently well known, a good estimate of the potential
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profile can be made by extrapolation of readings from ten-
siometers above and below the boundary.

Data from automatically recording instruments are usu-
ally considerably less noisy than from manually collected
ones (although not necessarily more accurate – see the dis-
cussion on accuracy and precision in Section 7.5). This is
particularly true for a neutron probe versus electromag-
netic water content measurement but applies also to mer-
cury manometer or puncture tensiometers and ones with
pressure transducers close to the cup. With neutron probe
measurements and frequent monitoring, the noise in the
measurementsmaywell be comparablewith, or evenmuch
greater than, the change from one reading occasion to the
next. Even though the water content of the profile may
be reducing steadily, the measured value can well increase
from one occasion to the next. This is clearly unrealistic.
Tensiometers with parts above ground can exhibit diurnal
fluctuations caused by air temperature variations or solar
heating. With strictly random noise, as for the neutron
probe, three approaches are possible:
1 A moving average of the readings can be used. This will
assign a reading at one time to the average of the same num-
ber of readings taken both before and after that occasion.
This can be done for a single depth or for the integrated
water content from the surface to each depth in the profile.
Since the integrated water content combines readings for
several depths, this is expected to be inherently less noisy
than that for a single depth, and so fewer readings will need
to be averaged. This is preferable because the averaging
process reduces the time resolution of the data. Also, a
smaller number of readings may be averaged when the
water content is changing rapidly thanwhen it slows down.
The advantage of using amoving average is that itmakes no
assumption about the actual form of the water content–
time relationship.
2 Fitting the water content variations with time to an
assumed functional form, usually by minimising the sum
of squares of differences between the assumed curve and
the actual readings. Once again, there is a choice between
fitting data for individual depths and that integrated over
some depth of profile. Suitable functional forms may be a
polynomial, an exponential relationship with time (or a
sum of these) or something like A 1 +Btx . Polynomials
are generally quite simple but suffer in some cases from
unexpected ‘bumps’ and often fit poorly near the ends of
a data set. Exponentials or reciprocal relationships have
the merit of reducing with time, which mirrors the
expected qualitative behaviour. In the end, it is a matter
of judgementwhich relationship gives themost appropriate
behaviour.
3 To use the data ‘raw’ and postpone any smoothing to the
point at which the hydraulic conductivity curves are calcu-
lated, when noise from other data sources will also be
incorporated.

All of these strategies have theirmerits and no particular
recommendations are made here, although my own prefer-
ence has been to use the second of those described.

Whichever strategy is adopted, it is important to examine
critically the fitted data against the raw readings to make
sure that no essential features have been smoothed away
or that no one part of the data set fits significantly less well
than any other.

The end result of the process is a set of relationships
betweenwater content,matric potential and hydraulic con-
ductivity. Although the general shape of the relations
should be quite clear, experience suggests that there is still
a lot of uncertainty in the data, even after smoothing. This
is illustrated in Fig. 18.6. In this example, water potential
was measured using mercury manometer tensiometers to
1.6m depth arranged around a neutron probe access tube
in a circle of 0.8m diameter. Water was ponded over a
3m by 4m area at a depth of 50–60mm for 16 days. After
covering the plot, measurements were made initially every
2–4 h and then with decreasing frequency for at least
28 days.

Limitations and problems with the technique
Baker et al. (1974) reviewed the instantaneous profile
method critically. They pointed out:
• That wetting of the profile to achieve ponded conditions
at the surface carries a danger that water may infiltrate
down the side of poorly fitting tensiometers to producewet-
ting of the profile around a tensiometer in or beneath poorly
conducting soil. This may take a long time to disperse and
produce misleading results. Following the advice in
Section 12.7 should minimise this hazard.
• That neutron probe measurement of water content is
preferable to using water content estimated from soil water
characteristic curves.
• An impeding horizon in the soil may cause lateral runoff
(or run-in from the surroundings if they become wetter).
• The soil below an impeding layer will not reach as high
water potentials as soil above it.
• The method is not suitable for sites with more than a
very shallow slope.

0.25

101

100

10–1

10–2

10–3

0.30

Muir silt
20
30
40
50
60
70
80
100
120
140

θ, m3 m–3

K
(θ

),
 c

m
 d

ay
–1

0.35 0.40

Fig. 18.6 Example of instantaneous profile measurements
of unsaturated hydraulic conductivity for a silty soil. Sisson et al.
(1988). Reproduced with permission from John Wiley & Sons.

268 CHAPTER 18

FOR REFERENCE PURPOSES ONLY



• Themethod cannot be used in forested areas orwhere lat-
eral roots from surrounding vegetation intrude beneath the
experimental plot. In such cases, isolating the plot by tren-
ching is possible but expensive in labour.

Flühler et al. (1976) examined the likely errors in the
method arising from measurements and manipulation of
the data. They found that in the early stages of drainage,
errors in water content measurement by neutron probe
contribute most to the error in K and, in the latter stages,
the hydraulic gradient becomes small, and so tensiometer
errors are more important. In their example, the latter were
much larger than the relative errors caused by uncertain
water content readings at the beginning of the experiment.
In practice, errors near the beginning of the experiment
resulting from water content measurements may be larger
than assumed by Flühler et al. (1976) because of the finite
time taken to collect the water content data and the rate
at which the profile drains. This is especially true in perme-
able soils.

18.3.2 Zero flux plane method

It is possible under some conditions to extend the range of
values measured using the instantaneous profile method.
Arya et al. (1975a) used the zero flux plane (ZFP) technique
in preference to the instantaneous profile method to meas-
ure unsaturated hydraulic conductivity. TheZFPmethod is
more commonly employed to measure the soil water bal-
ance of a soil profile, and its detailed description will be
deferred to Section 24.3.5. The experimental procedure is
much the same as for the instantaneous profile method,
except that the soil surface is left uncovered, so that water
evaporates from the surface as well as draining through the
bottom of the profile.

Arya et al. (1975a) left their soil uncovered throughout
the experiment, but there is no reason why it should not
be covered initially and then uncovered to extend the range
to drier conditions after some time. This does, however,
depend on the soil at the surface drying steadily and not
being periodically wetted by rain, which would make the
method unsuitable in many areas. In principle, a shelter
with open sides could be placed over the plot to allow evap-
oration, but non-uniform evaporation beneath the shelter
would potentially cause problems.

18.3.3 Simplified versions of the instantaneous
profile method

Several methods have been proposed to simplify the instan-
taneous profile procedure, to reduce either the computa-
tional or the experimental burden.

The θ method (Libardi et al., 1980)
Libardi et al. (1980) noted that during drainage, the hydrau-
lic potential profile for many soils is very close to unity (i.e.
the matric potential is the same at all depths). It can be

shown that this will be approached for any uniform soil pro-
file over a sufficiently deep water table. Libardi et al. (1980)
also assumed that the hydraulic conductivity could be
represented as a function of water content as

K =K0eβ θ−θ0 18 3 5

where K0 and θ0 are the hydraulic conductivity and water
content at the beginning of the drainage phase, that is, close
to Kfs and θfs.

They further assumed that the average water content of
the profile, θ∗, above any depth, L, was linearly related to
the water content at that depth:

θ∗ L,t =
1
L

L

0
θ z,t dz = aθ z,t +b, 18 3 6

where a and b depend only on depth.
The one-dimensional form of the Richards

Equation 2.2.6 is

∂θ

∂t
=

∂

∂z
K

∂ψm

∂z
−1 18 3 7

With the unit gradient assumption, ∂ψm ∂z = 0, this
simplifies to

∂θ

∂t
= −

∂K
∂z

18 3 8

Using (18.3.5) and (18.3.6) and integrating, (18.3.8)
reduces for large times (>a few hours) to

θ0−θ =
1
β
lnt +

1
β
ln

βK0

aL
18 3 9

β and K0 are obtained from the slope and intercept of a plot
of θ v ln t. Equation 18.3.9 is also valid when θ∗ and θ0

∗ are
substituted for θ and θ0, which allows the value of a to be
derived.

The flux method (Libardi et al., 1980)
Thismethod derives from the same assumptions as for the θ
method, but they are inserted directly into Equation 18.3.8:

−aL
∂θ∗

∂t
=K0eβ θ−θ0 18 3 10

Taking logarithms, we obtain

ln −aL
∂θ∗

∂t
= lnK0−β θ0−θ , 18 3 11

allowing β and K0 to be estimated from a plot of

ln −aL∂θ
∗

∂t v ln K0. This method does not have the same

time restriction as the θ method.
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Lax’s (1972) method
Equation 18.3.8 can be written as

∂θ

∂t
= −

dK
dθ

∂θ

∂z
18 3 12

By assuming a functional form for the relation between
K and θ, the parameters can be estimated from the meas-
ured θ v t curve. Taking the form of Equation 18.3.5, for
instance, an equation similar to (18.3.9) is obtained:

θ0−θ =
1
β
lnt+

1
β
ln

βK0

L
18 3 13

This differs from (18.3.9) by the omission of the factor a,
as this method does not involve the assumption of
Equation 18.3.6. The parameters K0 and β can be obtained
by plotting θ against ln t (Lax, 1972; Sisson et al., 1980).

The CGA method (Chong et al., 1981)
Like the preceding simplified methods, the CGA method
relies on the assumptions of a unit hydraulic gradient and
that we can define θ∗ as in Equation 18.3.6, but in this case
the water content is assumed to vary with time as

θ =AtB 18 3 14

Substitution into Equation 18.3.8 yields with some
manipulation

K θ∗ L = −LA
1
BBθ∗

B−1
B 18 3 15

A and B can be estimated from fitting observed θ v t
curves.

Comparison with the full instantaneous profile method
All of the aforementioned methods require only water con-
tent data, which is the more common measurement of
water status, but assume that the profile is sufficiently
homogeneous that the unit gradient approximation holds.

Dane (1980) compared the Libardi et al. (1980) θ method
with the full instantaneous profile method. He found that
the (θ0 − θ) v ln t plot fitted a different straight line in differ-
ent time intervals. With this modification, moderately
good agreement was obtained with results from the full
analysis.

Tseng and Jury (1993) compared the simplified methods
with the full instantaneous profile method in a numerical
experiment. They generated two profiles with hydraulic
properties obeying the van Genuchten–Mualem relations
(van Genuchten, 1980), whose parameters varied in a ran-
dom manner. In other respects, however, the profiles were
homogeneous on a macroscopic scale, that is, there was no
systematic dependence on depth.

Comegna et al. (2012) conducted a field experiment on
a volcanic soil and analysed the results using both the
full instantaneous profile technique and the simplified
methods.

In both cases, the results of the simplifiedmethods com-
pared poorly with the full analysis. The additional effort
required to install and read tensiometers as well as analyse
the resulting data, when compared with the overall
resource requirements of conducting the experiment,
makes it difficult to justify the reduction in accuracy from
leaving out vital information.

18.3.4 Constant rate flux methods

Imposing a constant and positive flux at the soil surface,
rather than zero, allows the hydraulic conductivity to be
measured at a steady state, similar to the crust test and
constant rate irrigation methods for confined samples
described in Section 17.8. In the case of unconfined soil,
only constant rate irrigation is a realistic option and the
lower boundary condition cannot be controlled. Provided
that there is a good depth to awater table or confining layer,
however, this should not pose a problem.

The most common way to impose a constant flux over
a largearea isbya rainfall simulator, sometimescalleda sprin-
kling infiltrometer. Rainfall simulators are used extensively
for research on soil erosion and usually have high water and
power demands, which limits their use to sites where these
can be supplied readily. The most common arrangement is
for a nozzle or square array of nozzles to be fed from a pump
at constantpressure.Differentnozzles cangivecoarse control
of the rate of delivery ofwater to the soil surface. Finer control
is usually by means of a rotating disc with an adjustable size
sector cut out of it. The solid portion of the disc intercepts
the water from the nozzle and allows it through only when
the open sector is in front of the nozzle. This has been found
to be a more reliable method than changing the pressure of
water feeding the nozzle. Further control can be exerted by
changing the duty cycle of an intermittently operating feed
pump, as discussed in Section 17.8.

A number of different nozzles in an array is preferred
to a single nozzle with a wide coverage, as it is difficult
to achieve uniform coverage of the area with one nozzle.

In reviewing different simulators, Green et al. (1986)
concluded that the lowest achievable constant rate of input
to the soil surface by such means was about 1mmh−1,
which is high compared with the soil water flux in many
soils during and following rainfall.

Prevention of evaporation, especially at the lower input
rates, and interference by rainfall means that the soil sur-
face must be protected. This normally requires a shelter
with sufficient headroom to accommodate the sprinklers
and for reading the instrumentation. The soil surface
should be protected by a mulch to reduce the effect of rain-
drop impact, control temperature and further suppress
surface evaporation.

18.3.5 The Poulovassilis combination method

In permeable and macroporous soils, the initial stage of
drainage from a near-saturated condition occurs very
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rapidly, making it difficult to capture the changes ade-
quately, especially with manual measurements of water
content and/or potential. On the other hand, it is difficult
to apply constant rate irrigation at a rate lower than several
mmd−1.

To overcome these limitations, Poulovassilis et al.
(1974) combined the two methods, using constant rate irri-
gation tomeasure the higher values of hydraulic conductiv-
ity and the instantaneous profile method for the lower
values. They used a series of drippers over an area of a
layered soil inCyprus tomeasure high hydraulic conductiv-
itieswith a decreasing series of constant irrigation rates, fol-
lowed by the instantaneous profile method when it became
impractical to impose a smaller constant flux. Hillel and
Benyamini (1974) also used both steady rate irrigation, in
this case using sprinklers, to impose irrigation rates increas-
ing from 24 to 2400mmd−1, and the instantaneous profile
method, but on a separate plot in the same field. There
was a large overlap between the water flux range for each
method. Good agreement was obtained between hydraulic
conductivity as a function ofwater content calculated using
the two methods (one steady state, the other dynamic).

Subsequently Cooper (1979) used a similar method to
measure hydraulic conductivity down to 6mdepth in a vol-
canic soil inwesternKenya. A 10m square plotwas covered
by a fully enclosed shelter to exclude rainfall and suppress
evaporation, which was reduced further by a grass mulch
over the soil surface. The plot was divided into 25 2m
squares, eachofwhichwas suppliedbywater fromanadjust-
able trickle source fed fromaconstanthead supply.The sup-
ply to the central nine squareswas subdivided by amanifold
into four, each feeding a 1m square, while the central 1m
square was further subdivided into 0.5m squares.

Five neutron probe access tubes were used to monitor
water content at the centre and towards the edges of the
plot, while mercury manometer tensiometers, installed
sub-horizontally from an access pit, measured water
potential.

Irrigation at an initial rate of 23.4mmd−1 took 21 days to
achieve a steady state. This was followed by irrigation at a
rate of 5.8mmd−1 for a further 10 days, when steady state
was again achieved. After this, irrigation ceased and mea-
surements were made twice daily for 7 days, daily for a fur-
ther 14 days, followed by daily readings of the tensiometers
and twice-weekly neutron probe readings for 24 weeks.

Figure 18.7 shows cumulative drainage at three depths
calculated from neutron probe readings during the free
drainage (instantaneous profile) phase of this experiment,
illustrating the amount of scatter to be expected in mea-
surements of water content change. The lines have been
drawn by eye to provide a smooth value for estimation of
drainage flux. It is notable that measurable drainage was
occurring even after more than 120 days.

The resulting K v θ curves for five depths are shown in
Fig. 18.8. A further level of data smoothing was necessary
to produce realistic curves. Note the clear similarity
between the curves from 2.7m and lower and also that

there is a progressive displacement towards higher water
content at the deeper depths. The curve for the 5.7m depth
was used to predict drainage at a plot located about 30m
away, where the ZFP method had been used to make inde-
pendent measurements of this quantity. The shape of the
two curves corresponded verywell, but use of themeasured
curve from the hydraulic conductivity plot underpredicted
drainage by a factor of four. This was ascribed to the large
sensitivity of the drainage curves to depth.

The combination method lends itself very well to mea-
surements in fractured porous rock and, indeed, in many
dual porosity media, where the fracture or macropore sys-
tem requires high flow rates to characterise it and drains
very rapidly once water input ceases. The matrix conduc-
tivity is often too small to be within the range accessible
to steady infiltration rates.

Wellings and Cooper (1983), Wellings (1984a), Gardner
et al. (1990) and Cooper et al. (1990) used the combination
method to characterise the hydraulic properties of unsatu-
rated chalk, a soft limestone containing numerous fine frac-
tures, at several sites in southern England. They used a
portable polythene tunnel-type greenhouse to provide a
shelter over the plot of either 5 or 10m square. A hundred
drippers fed from a constant head tank, controlled by a float
valve, provided irrigation evenly over the experimental
area. Hypodermic needles were used for the drippers, which

+
+
+
++
+

++ +
++
+

++
+

+
+ +

+
+

+ ++

+ +
++ ++

+
+++

+
+ +

+++ +

+
+

20

20

40

60

80

100

120

140

160

180

200

40 60 80

Days after irrigation stopped
C

um
ul

at
iv

e 
dr

ai
na

ge
, m

m
100 120

z=0.9 m

z=3.9 m

z=5.7 m

140

Fig. 18.7 Cumulative drainage across various depths during
the instantaneous profile phase of a hydraulic conductivity
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were a push fit onto plastic Luer connectors connected to
black polythene tubes and mounted on wire stands. Fine
control of the flow rate was achieved by moving the drip-
pers up or down on the wire stands, while several different
overall irrigation rates between 500 and 2mmd−1 were
achieved by using different gauge needles. Monitoring of
flow rate was by a tipping bucket rain gauge beneath one
nozzle, which revealed a large diurnal change of flow, and
periodic checks on individual nozzles by collecting water
in a measuring cylinder for a short time. Any transparent
or translucent parts of the water distribution system rap-
idly grew algae if the water source was not a public supply.
This was combated successfully by adding small quantities
of household bleach to the supply tank to maintain a level
of 1 or 2 ppm of chlorine.

At these sites, the chalk has very uniform pore sizes of a
few μm diameter. This equates to an air entry value of −10
m water or lower. As a result, once irrigation ceased, water
potential fell very rapidly, but water content (measured
four times daily by neutron probe) changed very little. At
depths greater than about 2m,where there is little evidence
of weathering, this resulted in an apparently constant
hydraulic conductivity between matric potentials of −0.5
and less than −3m water in the range of 1 and 10m d−1,
depending on depth and site. During the irrigation period,
a rapid fall in conductivity was observed from several hun-
dredmmd−1 close to saturation to the near-constantmatric
conductivity. These results are consistent with published
values for the saturated hydraulic conductivity of the chalk
matrix (Edmunds et al., 1973) andwith a fairly narrow range
of fracture widths peaking at about 100 μm and with a

spacing of about 0.1m, consistent with the observed block
sizes of chalk (unpublished data).

The calculated hydraulic conductivity at 2.1m depth at
four sites on chalk is shown in Fig. 18.9 (Fleam Dyke also
at 3.0m, as a low permeability band occurred at around
2.1m at that site). At West Ilsley the instantaneous profile
method alone was used, utilising automatically recording
pressure transducer tensiometers and very frequent neu-
tron probe measurements in the early stages. These mea-
surements should be compared with the in situ measured
soil water characteristics at the West Ilsley site
(Fig. 15.4a).

Transition from one steady irrigation rate to another
involves some drainage of water from the soil and therefore
does not occur instantaneously, especially at the lower
rates. Application of a time-dependent function to the neu-
tron probe measurements during this period improved the
estimation of water flux at the lower irrigation rates,
although statistically there was no justification for any
more sophisticated relation than a linear reduction with
time. Comparison of the Fleam Dyke 3.0m curve in
Fig. 18.9, where this correction has not been applied, with
the Golf Course one, where it has, illustrates how an appar-
ent anomaly has been eliminated.

18.3.6 Hydraulic conductivity measurements from
routine water balance measurements

Measurement of the water balance of a soil profile from
storage changes (e.g. the ZFP method – see Section
24.3.7) yields integrated water flux over the time
between reading occasions at a series of depths. Where
the water flux can confidently be ascribed to flow of
water in the soil matrix and not partially via roots, these
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can be used to estimate the instantaneous water flux, in
the same way as for the instantaneous profile technique.
The estimated water flux can then be combined with the
measured hydraulic potential profile to produce a meas-
urement of unsaturated hydraulic conductivity in the
same way as for the more artificial methods previously
discussed.

Figure 18.10 shows an example for the same site and
instruments as used for the in situ soil water characteristic
data shown in Fig. 15.4b. Unless the data are collected auto-
matically, the interval between measurements may be
several days, and so caution needs to be exercised in inter-
preting the data to ensure that interpolation between read-
ing occasions is valid, for example, was thewater flux likely
to have been sufficiently steady between those occasions
to ascribe it to the average conditions between
measurements?

Appendix 18.A Three-Dimensional Infiltration
with Cylindrical Symmetry

The three-dimensional form of the Richards Equation
2.2.6 is

∂θ

∂t
=∇ K∇ψm −

∂K
∂z

18 A 1

This can be written, similar to Equation 3.1.2, as

∂θ

∂t
=∇ D θ ∇θ −

∂K
∂z

, 18 A 2

where D =K dψm dθ is the diffusivity, defined in
Equation 3.1.1.

Analytical solutions to the Richards equation are
difficult to find, but use of the concept of the matric flux
potential, ϕ (Section 3.2), makes it more tractable. For con-
venience, the definition of matric flux potential,
Equation 3.2.1, is repeated here:

ϕ θ =
θ

θi

D θ dθ =
ψm θ

ψ i

K ψm dψm 18 A 3

So

dϕ θ

dθ
=D θ , 18 A 4

and

∇ϕ θ =
dϕ θ

dθ
∇θ =D θ ∇θ 18 A 5

Similarly

dϕ
dψm

=K ψm , 18 A 6

and

∂ϕ

∂z
=

dϕ
dψm

dψm

dK
∂K
∂z

=K
dψm

dK
∂K
∂z

, 18 A 7

which allows (18.A.2) to be written as

∂θ

∂t
=∇2ϕ θ −

∂K
∂z

, 18 A 8

or

∂θ

∂t
=∇2ϕ θ −

1
K

dK
dψm

∂ϕ

∂z
18 A 9

Tomake further progress, several authors have assumed
a relation between the hydraulic conductivity and matric
potential of the form

K =Kseαψm 18 A 10

as a good approximation to the actual relationship
(Gardner, 1958). The matric flux potential is then, from
Equation 18.A.3

ϕ =
Ks

α
eαψm −eαψ i , 18 A 11

and if there is sufficient difference between ψ i and ψm, the
second term in the brackets is negligible comparedwith the
first, leading to
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ϕ≈
K
α

18 A 12

Equation 18.A.9 now becomes

∂θ

∂t
=∇2ϕ θ −α

∂ϕ

∂z
18 A 13

In borehole permeameter, ring and tension infiltrometer
applications, it is usually found that a steady state is
achieved quite quickly, so that within the wetted volume,
∂θ ∂t = 0. So for a steady state, thematric flux potential,ϕ, is
the solution of

∇2ϕ θ = α
∂ϕ

∂z
18 A 14

Several methods for measurement of hydraulic proper-
ties in the field rely on monitoring infiltration either from
a circular cross-sectional borehole or from a circular area of
the surface. In both cases, the problem has cylindrical sym-
metry, that is, it looks the same at all points around a circle
drawn with its centre at the borehole axis or a vertical line
drawn through the middle of the infiltrating area. To char-
acterise such a system, just two length scales are needed,
the radius of a point, r, from the axis and the depth, z. For
such a system (18.A.14) can be written as

1
r
∂

∂r
r
∂ϕ

∂r
+
∂2ϕ

∂z2
= α

∂ϕ

∂z
18 A 15

18.A.1 Relation between matric flux potential
and sorptivity

Equations 18.A.13 and 18.A.14 show that infiltration is
controlled by matric flux potential, but we also know that
infiltration is controlled by the sorptivity (Section 3.3).
White and Sully (1987) showed that an approximate
relation

S =
ϕs θs−θi

b
, 18 A 16

should hold. Values of b must theoretically lie in the fairly
narrow range of 0.5 to π/4 (0.785), with values likely to be
closer to the lower end of the range. A value of 0.55 is often
assumed.

18.A.2 Ring and tension infiltrometers

For a shallow circular pond of radius r0, such as is produced
by a point source dripping onto the soil surface, a ring infilt-
rometer or (with a small modification) a tension infiltrom-
eter, the boundary conditions are

ϕ =
Kfs

α
, z = 0; 0 < r< r0; t > 0; 18 A 17

∂ϕ

∂z
= αϕ, z = 0; r> r0; 18 A 18

ϕ = 0, r,z ∞ 18 A 19

Kfs has been used here in place of Ks as this is more appro-
priate for a short-term test.

Equation 18.A.18 arises because the flux outside the
ring, −K ∂ψm ∂z +K, must be zero across this boundary,
assuming no evaporation. Utilising (18.A.6) to substitute
for the first appearance of K in this expression and (18.
A.12) for the second one:

−
dϕ
dψm

∂ψm

∂z
+ αϕ = 0, 18 A 20

we obtain ∂ϕ ∂z = αϕ.
Wooding (1968) used (18.A.15) with these boundary con-

ditions in a very involved procedure to develop a series solu-
tion for the steady infiltration rate from the wetted area. He
showed that this approximated very closely to

Q = πr02Kfs + 4r0ϕs, 18 A 21

where ϕs is the saturation matric flux potential, defined as

ϕs =
θs

θi

D θ dθ =
0

ψ i

K ψm dψm 18 A 22

The first term on the right-hand side of (18.A.21) is the
steady one-dimensional infiltration expected for a material
of saturated hydraulic conductivity,Kfs, which is driven only
bygravity.Thesecondtermmayberegardedastheadditional
flow out of the ponded area resulting from capillary forces.

For a tension infiltrometer, where the matric potential
within the radius r0 is maintained at a particular value,
ψ t, then (18.A.21) and (18.A.22) become

Q = πr02K ψ t + 4r0ϕt, 18 A 23

and

ϕt =
θt

θi

D θ dθ =
ψ t

ψ i

K ψm dψm 18 A 24

18.A.3 Auger holes in the unsaturated zone

For an auger hole, whether with a falling head, as in the
inverse auger hole method, or a constant head, as for the
borehole permeameter, the matric potential at the bottom
of the hole, at depth,Z, is equal to the height of water in the
hole, h. Along the side walls below the water level, it is
equal to the distance below the water surface. And above
the water level, there is no flow across the interface. This
translates to
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ψm =h, 0 < r< r0; z =Z; t> 0; 18 A 25

ψm =h−Z + z, r = r0; Z > z >Z –h; t> 0; 18 A 26

∂ψm

∂r
= 0, r = 0; z <Z –h; 18 A 27

and

ψm −∞ , r,z ∞ 18 A 28

Note that matric flux potential is not used here, since
hydraulic conductivity does not vary at positive values of
matric potential.

For the borehole permeameter, Reynolds et al. (1985)
derived an equation for the flow out of a well with a con-
stant height of water, h, and radius, r, as depicted in
Fig. 18.2. Their solution was

Q=Kfs πr2 +
2πh
C

h +
1
α

, 18 A 29

whereC is a dimensionless shape factor, derived by numer-
icalmodelling of flow around the borehole and is dependent
mainly upon the ratio h/a and weakly upon soil texture
(embodied in α). Zhang et al. (1998) derived the following
empirical expression for C, based on numerical solutions
developed by Reynolds (1986) and which are embodied in
the spreadsheet available from Soilmoisture Equipment
Corp. The equation is

C=
h r

a +b h r

c

, 18 A 30

where
a = 2.081, b = 0.121 and c = 0.672 for α = 1m−1;
a = 1.992, b = 0.091 and c = 0.683 for α = 4m−1, and
a = 2.074, b = 0.093 and c = 0.754 for α = 12 and 36m−1.

Philip (1985) also produced an approximate analysis of
the problem using much the same approach and came up
with a similar equation to (18.A.29). Equation 18.A.29 con-
tains two unknown soil variables, Kfs and α.

Stephens et al. (1987) also examined the borehole per-
meameter froma theoretical point of view.Usingnumerical
simulations and regression techniques, they developed an
alternative formulation for the parameterC, based ondiffer-
entmodels of the θ−ψm relationship. Stephens et al.’s (1987)
formulation gives generally lower estimates of Kfs than
either theReynoldset al. (1985) or thePhilip (1985) versions.

Appendix 18.B Mariotte Bottles and Bubble Towers

18.B.1 Mariotte bottle

Mariotte bottles are a popular choice for maintaining a con-
stant water pressure at a point while delivering a variable
flow rate for relatively small (0.5–50 L) volumes of liquid.
They combine the function of reservoir, water delivery

system and pressure control. For larger volumes, a float
or solenoid operated valve may be more appropriate.

For the applications in which we are likely to be most
interested (maintaining a fixed water level below the reser-
voir, as in an infiltration ring or borehole permeameter), an
arrangement of the form shown in Fig. 18.11 is most
appropriate.

Theweight of water in the reservoir causeswater to flow
initially out of the reservoir bottom into the receiving ves-
sel. This creates a partial vacuum above the water level in
the reservoir and, once the level in the receiving vessel is
above the mouth of the reservoir, air is drawn through

Fig. 18.11 Mariotte device for maintaining a fixed level of
water below the reservoir.

275Unconfined Measurements in the Field

FOR REFERENCE PURPOSES ONLY



the air tube. Once the water level in the receiving vessel is
above the bottom of the air tube, the water pressure here is
greater than atmospheric and air cannot flow into the res-
ervoir any more. The water column in the reservoir is then
balanced by the partial vacuum, and so nomorewater flows
out of the reservoir until the water level outside drops
below the level of the bottom of the air tube. Air can then
once again enter, reducing the partial vacuum and allowing
more water out. The water level in the receiving vessel is
thus held at the level of the bottom of the air tube (with
a small correction for surface tension effects).

The amount of water in the reservoir can be monitored
by noting its level against a scale. Alternatively, the vac-
uum in the space at the top of the reservoir is equal to
the height of water above the bottom of the air tube.
A pressure transducer in this space, therefore, will record
the water level change. This volume is equal to that drip-
ping out of the receiving vessel.

Small fluctuations in the level of water in the reservoir
are caused by individual bubbles reaching the water sur-
face. These are related to the diameter of the air tube and
so this should be kept fairly small. If it is too small, how-
ever, and the outflow from the receiving vessel is fast, such
as in a borehole in permeable soil, then air may not be able
to bubble quickly enough from the air tube into the
reservoir.

At the beginning of an experiment, the reservoir should
be very nearly, if not completely, full. If there is a significant
amount of air in the top of the reservoir, then a relatively
large volume of water needs to flow into the receiving ves-
sel before a sufficient vacuum develops to stop the flow.
The level in the receiving vessel then becomes too high
until enough flows out of the outlet to bring the level down
to the target depth.

18.B.2 Bubble tower

An alternative to theMariotte bottle is a bubble tower. The
principle of control is similar and shown in Fig. 18.12. This
allows a negative pressure to be exerted at the outlet of the
reservoir. This is done by using the vacuum in the air space
of thebubble tower todefine thepressurenear thebaseof the
reservoir. The pressure in the air space of bubble tower 1 in
Fig. 18.12 is −h1 as long as some air passes through the air
tube to keep bubbles going. This pressure is fed to the base
of bubble tower 2, where the pressure in its air space is
−(h1 + h2). This in turn is fed to the base of the reservoir,
which can be used to control the level ofwater in a receiving
vessel or borehole in a permeameter. Measuring the change
in the water level of the reservoir monitors flow from the
borehole in the sameway as for aMariotte bottle. Note that
there is no water transfer from either bubble tower. These
water heads merely control the vacuum generated. Any
number of bubble towers may be connected together as
shown. Most applications use just one, but with more than

one, a considerable negative head can be generated without
needing a tall structure.

As with the Mariotte design for the borehole permea-
meter, a pressure transducer in the air space of the reservoir
can be used tomonitor the water level. Ankeny et al. (1988)
improved on this by using two transducers, one at the base
and one at the top of the reservoir, which reduced the effect
of individual bubbles very considerably. Casey and Derby
(2002) further improved the design by using a single differ-
ential pressure transducer, which inherently measures the
difference in pressure between the top and bottom of the
reservoir. More detail on pressure transducers can be found
in Section 12.13.

Perroux and White (1988) introduced the use of a bubble
tower for tension infiltrometers and many designs in cur-
rent use employ a single bubble tower to control the tension
applied to the disc. The tension is easily changed by sliding
the air tube up to increase the pressure at the reservoir base
or down to reduce it.

Fig. 18.12 Two bubble towers used to control a water level
below a reservoir or to impose a suction at the base of the
reservoir.
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19 Principles and Pitfalls

One of the major motivations for understanding and mea-
suring water in soil is to monitor and predict the behaviour
of solutes in the unsaturated zone. The solutes in question
may be:
• agricultural chemicals, principally fertilisers and
pesticides;
• pollutants of various kinds – including the same agricul-
tural chemicals which travel beyond the root zone and
threaten to pollute groundwater, but also radioactive or
other elements carried in precipitation, or chemical species
spilt accidentally onto the land;
• tracers, either occurring in precipitation or applied
artificially to the soil, usually at the surface (tracers
are used to identify water pathways, to aid in the meas-
urement of water balances and soil water flux or to act
as surrogates for other less benign chemicals to help pre-
dict the fate of those chemicals if introduced into
the soil);

Substances of concern are not always dissolved in the
water. These include bacteria, viruses, nanoparticles and
non-soluble or only slightly soluble liquids, usually called
nonaqueous phase liquids (NAPLs). The last-named are
usually grouped into light and dense varieties (LNAPLs
and DNAPLs), depending on whether they are less or more
dense than water. We will not, however, consider non-
dissolved substances here.

19.1 Principles of Solute Transport

If measurement of the movement of water in soil is
difficult, then extending this to the transport of dissolved
substances is even more so. In general, we need to know
not only the water content, potential, hydraulic conduc-
tivity, etc., but also the concentration of the solute in
the water, together with its propensity to interact
with the soil matrix and the factors controlling the
spreading of the solute through the water – diffusion
and dispersion.

19.1.1 Simple theory

The simplest representation of solute flow in soil is to
assume that the amount of solute in solution remains con-
stant and moves with the water. This implies that its con-
centration, C, which is the mass of solute in a unit volume
of water is constant. Thus C is given by

C=
m
v

19 1 1

where m is the mass of solute dissolved in a volume, v, of
water. Quite often, the mass of solute is expressed in terms
of moles, that is, the actual mass divided by the molecular
mass. However, we shall stick to ordinary mass in expres-
sing concentrations.

It is often useful to know the amount of solute in a given
volume of soil. This is easily converted from
Equation 19.1.1 since the volume of water in a given vol-
ume of soil, V, is θV. Hence the mass, M, of solute in the
volume, V, is given by

M =CθV 19 1 2

If the soil water flux is q, containing a concentration of
solute, C, then the flux of solute, F, is

F =Cq 19 1 3

and its velocity, u, in the direction of movement is

u=
q
θ

19 1 4

which is the same as the water velocity, v. This form of
movement is often termed piston flow, as the water con-
taining a particular amount of solute is envisaged as being
pushed from behind by water infiltrating the soil above it
and, in turn, pushing other water in front of it.
A consequence of this sort of transport is that the actual
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depth of soil occupied by a slug of solute will vary according
to the water content. This is illustrated for an idealised soil
profile in Fig. 19.1, where the slug travels from a layer of low
to high water content and, in consequence, is compressed
in space. The solute concentration remains the same, but
to preserve its total mass, the depth occupied by the slug
is reduced in inverse proportion to the water content. In
Fig. 19.1, the water content of the lower layer is twice that
of the upper one and, consequently, the depth occupied by
the slug is half of what it was in the upper layer.

19.1.2 Complicating factors

In some cases, piston flow gives a good approximation to
actual observed solute concentrations over time, but in
others, it fails completely. Some of the reasons for beha-
viour departing from this idealised picture are:
• Diffusion. When there is a difference in solute concentra-
tion fromone place to another, there is a tendency for solute
ions to travel from the higher to the lower concentration
region and so to equalise out the concentration. Diffusion
occurs according to Fick’s Law and can be characterised
byadiffusioncoefficient,D,which relates thenet fluxof sol-
ute, F, to the concentration gradient, ∂C ∂x, as

F = −D
∂C
∂x

19 1 5

• Dispersion. Water velocities, both within and between
soil pores, vary widely depending on distance from pore
wall and size of pore. Solute dissolved in slower-moving
water obviously travels less far than that in faster-moving
water (further from the pore wall or in larger occupied
pores). This spreads the solute out in the direction of travel,
often in a similar manner to diffusion but to a greater
degree. It also spreads the solute out in a direction trans-
verse to the direction of travel, but usually to a much smal-
ler extent. A dispersion coefficient can often be defined, in a
similar way to the diffusion coefficient, dependent on the
pore water velocity.
• Preferential flow. Water in macropores, interaggregate
pores or fingers in unstable flow, bypasses the majority of

the soil matrix. Solutes contained in this water also travel
much faster than thewater in thematrix, usually leading to
forward tailing of solute profiles, where solute is found
ahead of the main body of solute. In some cases, this leads
a single slug of solute to break up into a double peak.
• Immobile water. Water in blind pores, that is, those with
no exit, may account for a significant proportion of the
water in some soils and act as a buffer for solute. It absorbs
solute by diffusion when more concentrated solution flows
past it and releases it again when the surrounding mobile
solution becomes less concentrated. This has the effect of
retarding, reducing the height of and increasing the width
of the peak.
• Adsorption. Many solutes, usually positively charged
ions (cations, e.g. Na+, Ca++), have an affinity for soil parti-
cle surfaces and so tend to stick to them, thereby slowing
down their transport relative to that of the water. For more
information, see Section 20.1.2.
• Anion exclusion. The surface of clay particles is usually
negatively charged. This repels negatively charged ions
(anions, e.g. Cl–, Br–, NO3

–), forcing them into the centre
of the pore, where the water velocity is faster than the aver-
age and so the anions actually travel faster than would be
expected from straightforward piston flow.
• Reactive solutes. Some solutes undergo chemical or bio-
chemical transformations while in transit through the soil,
for example, degradation of pesticides, uptake by plant
roots or radioactive decay. This complicates the interpreta-
tion, not only because the rate at which such transforma-
tions occur may be difficult to measure but also because
the products of the reactions can have very different trans-
port properties than those of the parents. These are often
referred to as nonconservative ions, in contrast to conserv-
ative ions.

There is clearly an overlap between some of these
mechanisms. For instance, preferential flow can be
regarded as an extension of the dispersion mechanism, as
exchange of solute between highly mobile water in faster
pathways with more slow-moving water blurs the distinc-
tion between mobile and immobile water.

The earlier discussion should indicate that there is an
order of magnitude more complexity involved when deal-
ing with transport of solutes than if only water flow is
involved. Some sophisticated modelling methods are being
developed to cope with this degree of complexity. In this
book, however, we confine ourselves to the rather simpler
(though not necessarily easier!) task of measurement of sol-
ute in and movement through field soils.

19.2 Tracers

The use of tracers to elucidate details of both water and sol-
ute transport in the subsurface has received a great deal of
attention over a period of 50 or more years. The variety of
substances and their methods of use are quite bewildering
and it is not possible to domuchmore here than scratch the
surface.

Fig. 19.1 Transformation of a slug of solute as it traverses the
boundary between soil layers of different water content.
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Classification of tracers can be done in a number
of ways:
• Particulate, dissolved solids, liquids or gases.
• Dyes, stable isotopes, radioactive isotopes, biological
agents, nanoparticles or chemicals.
• Naturally or semi-naturally (e.g. as part of an agricultural
operation) introduced or artificially applied.

We will use the second of these schemes.

19.2.1 Dye tracers

Dyes can be used in one of two ways: to indicate pathways
through the soil or to label the water to track its progress
through the soil.

When used as a pathway indicator, the information is
essentially qualitative, as it relies on the ability of the
dye to be absorbed onto soil surfaces and on a proportion
of it to remain on the surfaces, while most of the dye carries
on in the water stream to stain areas further along the flow
path. The selected dye needs, therefore, to adsorb to soil
materials, usually clays and organic matter, but not too
strongly so that it is not all lost in the first few centimetres
of travel. Popular dyes for the purpose are Brilliant Blue
FCF, Methylene Blue, Rhodamine WT and Fluorescein.
The latter two are fluorescent and so may be detected at
very low concentration by shining an ultraviolet lamp on
the soil when there is no other illumination. Usually a
dye-rich solution is irrigated onto the soil. After some time,
sections of soil are exposed and the areas stained by dye are
recorded. This may be done photographically or by manual
recording. It is important to be aware that areas with the
heaviest staining are not necessarily where most dye-rich
water has visited, but may instead be a consequence of
the soil fabric having greater affinity for the dye. Themeth-
odology is suitable for use on undisturbed field plots or on
monoliths recovered from the field (see Section 17.1).

When used for tracking either water or solute flux
through the soil, fluorescent dyes are often employed, as
the ability to detect very low concentrations is valuable.
Quantitative analysis is possible by using a fluorometer
and, in some cases, can be done in real time, for instance
on the outflow from a soil monolith in the laboratory or a
lysimeter in the field. Great care should be exercised
in interpreting the results, as there will almost always be
considerable retardation as a result of selective adsorption
on soil constituents. Progress is being made in quantifying
nonfluorescent dye concentrations by image analysis of
photographic images (e.g. Germán-Heins & Flury, 2000).

Many dyes, particularly fluorescent ones, are carcino-
genic and so must be selected and handled with great care.
When used in the field, regulatory requirements may have
to be followed, which can limit the choice of dyes.

19.2.2 Inorganic compounds

Apart from dyes, which are at best semi-quantitative indi-
cators, simple inorganic compounds are effective tracers,
usually being cheap and easy to measure quantitatively.

Common salt (NaCl) can be used, but is toxic to most
plants, and in many areas a high background level already
exists. This complicates interpretation and requires that
a high concentration is applied. The Cl− ion is, however,
highly mobile and therefore makes a very good tracer.
Sodium may cause flocculation of clay minerals. Alterna-
tive cations are potassium, which is a plant nutrient, or cal-
cium, particularly in calcareous soils. Bromide (usually in
the form of potassium bromide – KBr) is a more common
choice of anion than chloride, as it is commonly found in
only low concentration in field soils, is not absorbed to a
significant extent by plant roots and is similarly mobile
as Cl−.

Long-term recharge has been measured by several work-
ers using a naturally occurring chloride mass balance
approach (see Section 24.4).

19.2.3 Stable isotopes

Isotopes of common elements applied to soil, or entering
soil naturally, are common tracers. Popular examples are
deuterium (2H), oxygen-18 (18O), nitrogen-15 (15N) and car-
bon-13 (13C). Being stable, they do not pose a health hazard
at modest concentrations and are conservative. Both deute-
rium and oxygen-18 can be incorporated as part of thewater
molecule and nitrogen-15 can be used as part of the mole-
cule of nitrogen fertilisers. Stable isotopes are detectable at
very low levels, which means that very little is required to
conduct an experiment, although the analysis requires
access to an expensive and sophisticated mass spectrome-
ter and associated laboratory facilities.

Deuterium
Otherwise known as heavy water, deuterium oxide (2H2O
or D2O) is readily available from laboratory chemical sup-
pliers. While quite expensive, a 100mL bottle can be
diluted in a fairly large quantity of ordinary water. When
mixed with ordinary water, the 2H2O rapidly dissociates
and reassociates so that by far the most abundant mole-
cules are 2H1HO, that is, composed of one deuterium,
one ordinary hydrogen and one oxygen atom. Deuterium
forms part of the water molecule and can be assumed to
flow in the same way as ordinary water. Because they are
about 5.5% heavier than 1H2O molecules, 2H1HO mole-
cules have a lower vapour pressure than ordinary water,
which reduces the fraction of deuterated water evaporated
from the soil surface. It is normally assumed that root
uptake of heavy water is the same as for normal water,
and so the composition of transpired water is not affected.
Where soil surface evaporation is not significant, therefore,
it can be assumed that the total loss of deuterated water by
evaporation is the same proportionally as its concentration
in soil water. This can be used to estimate the distribution
by depth of water uptake by roots.

The concentration of deuterium and other isotopes
found in water (3H, 17O and 18O) are usually expressed as
a difference (δ) in parts per thousand or per mil – ‰ from
that found in Vienna Standard Mean Ocean Water
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(VSMOW), which is an international standard. The
VSMOW standard contains one atom of 2H to every 6420
atoms of 1H. Modern mass spectrometers can measure
δ2H to about 1‰ (Leibundgut et al., 2009).

The lower vapour pressure of deuteratedwater affects its
rate of both evaporation and condensation. The fraction of
2H atoms in precipitation depends on the temperature at
which it was evaporated and recondensed and, thus, varies
both regionally and seasonally. This natural seasonal vari-
ation allows deuterium in precipitation to be used as a
tracer (Bath et al., 1982).

Oxygen-18
Themostabundantisotopeofoxygenisoxygen-16.Oxygen-18
is,however, found in reasonableabundance in rainwaterand is
commonlyusedasatracer foravarietyofenvironmentalappli-
cations. Unlike deuterium, the most common application
relies on naturally occurring 18O. The abundance of 18O in
VSMOW is 1 atom per 498.7 atoms of 16O, which is consider-
ably higher than the equivalent for 2H, and the measurement
precision of δ18O is better than for δ2H, about 0.1‰
(Leibundgut et al., 2009). Measurement of δ18O is therefore
more sensitive than that of δ2H. For very similar reasons as
for deuterium, discussed earlier, interpretation of data on
18O in soil is complicated by estimation of the loss from soil
by evaporation. The range of δ18O in precipitation and natural
waters has been reported between −50 and +20‰, with
more common values between −20 and +5‰ (Leibundgut
et al., 2009).

Nitrogen-15
The main use of nitrogen-15 in soil water studies is to
“label” agricultural fertiliser. Nitrogenous fertiliser is usu-
ally in the form of ammonium nitrate (NH4NH3), urea (CO
(NH2)2), or sodium or potassium nitrate (NaNO3 or KNO3).
By incorporating a proportion of 15N in the fertiliser, the
fate of a particular application can be tracked, both in the
soil and in the crop or roots. Ammonium nitrate has nitro-
gen in both the ammonium and nitrate ions. By labelling
only one of these, the relative mobility of the two ions or
metabolic pathways of fertiliser use can be studied.

Nitrogen compounds are important nutrients and are
readily taken up by roots. To ensure a full 15N balance,
therefore, the 15N content of plant material must be added
to that in the soil profile. Unlike 2H and 18O, however, neg-
ligible amounts are lost to the atmosphere, making it pos-
sible, in principle at least, to close the nitrogen balance
(Barraclough et al., 1994).

Apart from the problem of accounting for plant uptake
via the roots, nitrate is verymobile in the soil and therefore
a good tracer of water flow.

19.2.4 Radioactive tracers

Licensing requirements for use of radioactive tracers in
open field situations are even more onerous than for sealed

sources in most countries because of their unconfined
nature. Therefore, the use of artificially applied radioactive
tracers is now limited almost entirely to laboratory
situations.

Themost commonly used radioactive tracers are tritium
(3H) and chlorine-36 (36Cl). Both were produced in large
quantities by nuclear bomb testing in the 1950s and
1960s and injected into the upper atmosphere, which
meant worldwide distribution in rainfall.

3H has a half-life of 12.32 years, whichmeans that much
of that contained in rainwater from the years when it was
most concentrated (1962/1963) has now decayed. Tritium
concentrations are usually reported in Tritium Units
(TU). One TU is 1 tritium atom to 1018 hydrogen atoms.
As for deuterium, tritium’s major advantage as a tracer is
that it forms part of the water molecule and so, under most
circumstances, can be assumed to be a near-perfect indica-
tor of water flow. Detection of tritium is by measurement
of weak β particles (electrons) from its decay.Measurement
of environmental samples requires very specialised equip-
ment, involving enrichment and long counting times in
specialised counters at dedicated laboratories. In laboratory
studies, much higher concentrations can be used, which
require a liquid scintillation counter. These are affordable
by many laboratories, although arrangements for both the
use and disposal of the liquids usually require licensing.
More information on radioactivity and radiation safety
can be found in Section 7.11.

36Cl was produced by irradiation of seawater in nuclear
bomb tests between 1952 and 1958. Its half-life is about
301,000 years and so persists much longer than tritium.
However, it is useful as an environmental tracer only for
very deep and/or slow-moving arid regionwatermovement.
Detection is, like tritium, by measurement of β particles.

19.3 Solute Concentration Measurement

Two approaches to measurement of solute concentration
in field soils are in common use.

One collects samples of soil solution for subsequent
laboratory analysis, whereas the other aims to measure the
solute concentration in situ, either directly or indirectly.
Both approaches have strengths and weaknesses. Modern
laboratory techniques can analyse a wide range of chemical
species, usually with high accuracy, and are capable of
measuring very low concentrations – important where
toxic chemicals in trace quantities are a concern. The sam-
ples may be soil solution extracted from field-collected soil
samples transported to the laboratory or come from direct
sampling of soil solution in the field.

Detection of the concentration of soil solution directly
in situ is clearly more limited in scope and sensitivity,
but allows for continuous measurements to be made, with
good time and spatial resolution.

Chapters 20 and 21 detail these two approaches.
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20 Solution Sampling

Sampling of soil solution for later chemical or other analy-
sis can be done either by taking samples of soil and then
extracting the soil solution or by sampling the soil solution
in situ. Both approaches are in common use.

20.1 Soil Sampling and Extraction of Solution

20.1.1 Collection of soil samples

Collection of soil samples for measurement of the soil solu-
tion is a reasonably straightforward activity, employing
much the same methods as described in Chapter 6. Some
additional considerations are:
• Is it important to know the exact volume occupied by the
soil sampled? If so, then either a known volume sample
must be taken or the dry bulk density of the soil must be
measured separately. Details are given in Chapter 6.
• How big a sample is needed? The total amount of solute
is given by the volume of soil × the volumetric water
content × the concentration of solute × the extraction effi-
ciency. The last three quantities may need to be estimated.
By comparing them with the amount required for analysis,
the volume of soil needed can be estimated. Since the object
is usually tomeasure the solute concentration, it is prudent
to collect a generous quantity of soil.
• What precautions are needed to ensure that the samples
are not contaminated by extraneous sources of the solute(s)
of interest? This varies from one type of solute to another
and so it is difficult to generalise. Cleaning and possibly dis-
infection of the equipment between samples are obvious
measures, but operatorsmay also need to clean themselves.
• Are the samples to be collected likely to be hazardous?
This covers poisons, carcinogens, gases, radioactive and
biological agents. Protective clothing or other equipment
may be necessary.
• What precautions are needed to prevent contamination
or degradation of the sample once it is extracted? Cross-
contamination of samples occurs very easily, particularly
where concentrations are very low. Sunlight, high (or

sometimes very low) temperatures, can cause samples to
dry out or chemical or biological reactions to occur before
or during transport and storage.

In most cases, the measures needed are similar to, but
more stringent than, collection of samples for bulk density
or water content measurement.

20.1.2 Extraction of soil solution from soil samples

Solutes in soil may exist simply as a normal solute in the
soil water or be held more or less tightly bound to the sur-
face of clay minerals, colloids or organic matter. The geo-
chemistry of many of the more readily adsorbed species
is well beyond the scope of this book and the subject of
active research. Nevertheless, some consideration needs
to be given to the meaning of ‘soil solution’ when many
of the chemicals may have only limited freedom to move
with the water in which it is contained. This affects the dif-
ficulty in obtaining a ‘representative’ sample of the soil
solution.

The most common and simplest way to represent
the relationship between the concentration of solutes in
the bulk soil solution and that adsorbed onto surfaces is
by means of a distribution coefficient, usually designated
by the symbol Kd:

Cs =KdC 20 1 1

where
Cs is the amount of solute adsorbed onto particle surfaces

per unit mass of dry soil and
C is the concentration of solute in the bulk soil solution.

This assumes equilibrium between the solute in solu-
tion and that adsorbed, that there is plenty of spare capacity
on the surfaces to acceptmore solute ifC increases and that
a single proportionality constant is appropriate. For static
samples collected from the field, equilibrium is a reasona-
ble assumption, but proportionality betweenCs and Cmay
not be realistic if, for instance, the available sites for solutes
to bind to start to run out, in which case they are said to be
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saturated. The relationship defined by Equation 20.1.1 is
known as a linear isotherm. More complex isotherms
(e.g. Langmuir, Freundlich), which take account of satura-
tion and other effects, are often used.

The Langmuir isotherm is given by

Cs =
αC

1 + αC
20 1 2

where α is a constant and the Freundlich isotherm is of
the form

Cs = βC
1
n 20 1 3

where β and n are constants.
In a dynamic situation where solution of one concentra-

tion invades soil at a different concentration, equilibrium
between the twomay take a considerable time to establish.
The total mass of solute, Mt, in a unit volume of soil is
given by

Mt =Cθ +Csρd 20 1 4

Appropriate methods for measurement of solute con-
centration depend, therefore, on whether it is desired
to measure C or Mt. Cs can be derived from Equa-
tion 20.1.4. Even then, things are less simple than they
may at first appear, since there can be a range of energies
binding a particular solute to sorption sites on the solid
particles, with some ions being easily removed, while
others are very difficult. This implies a range of different
values of the constants in Equations 20.1.1–20.1.3. Differ-
ent extraction methods therefore often produce different
concentration estimates.

A further complication in defining concentration arises
as a result of diffusion and dispersion. If we take D to rep-
resent a combined diffusion and dispersion coefficient
(see Section 19.1.2), then Fick’s Law, Equation 19.1.5, gives
the rate of mass movement resulting from these processes.
In one (vertical) dimension the combined flux of solute, F, is
given by

F =Cfq=Cq−D
∂C
∂z

20 1 5

where Cf is the flow concentration, that is, the apparent
concentration actually flowing across a plane. The differ-
ence arises because as well as the convective flow arising
from the solute concentration, C, being carried along with
the water, there is an additional flux caused by diffusion
and dispersion in the concentration gradient. Depending
on the direction of this gradient, Cf may reduce or increase
compared with C. From Equation 20.1.5, the relation
between Cf and C is

Cf =C−
D
q
∂C
∂z

20 1 6

There is therefore likely to be a significant difference
between the twowhere the diffusion–dispersion coefficient
and/or the concentration gradient are large and/or the
water flux is low. Conversely, at high flux rates or small
concentration gradients, there will be only a small differ-
ence between the concentration in the soil solution and
the apparent concentration of flowing water. This is clearly
relevant onlywhere thewater and solute flux across a plane
is sufficiently homogeneous. Where preferential flow is
important, the description breaks down or is valid only
for the non-preferential portion of the flow.

For soils low in organic matter and clay content, most of
the above is not relevant, but where adsorption processes
are important, the simple-minded approach does not neces-
sarily yield the appropriate result.

Centrifuge extraction
A substantial quantity of solution can drain out of a satu-
rated soil sample, but in general, this is not the case when
the soil is more than slightly unsaturated. To collect a rea-
sonable quantity of solution, the effective force of gravity
can be increased by using a centrifuge. The operation of a
centrifuge was described in Section 15.4.6, where a relation
between the speed of rotation, radius of the rotor and effec-
tive matric potential was presented. A centrifuge is there-
fore useful for extracting solution from soil samples for
analysis. The centrifuge is expected to extract predomi-
nantly the bulk soil solution, although because of the effect
on matric potential and the physical deformation of the
soil, the equilibrium relation between concentration of
the bulk solution and the adsorbed phase may change.

In many soils, centrifugation yields disappointing quan-
tities of solution. Kinniburgh and Miles (1983) developed
a method using a heavy liquid, immiscible with water, to
enhance the amount of soil solution extracted. The liquid
is usually an organic solvent poured on top of the soil sam-
ple in the centrifuge sample holder, see Fig. 20.1. The liquid
(displacent) is forced to infiltrate through the soil by the

Fig. 20.1 Arrangement for enhanced recovery of soil solutionwith
a centrifuge by displacement using a heavy immiscible liquid.
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large artificial gravity and pushes the water in front of it.
The displacent collects in the bottom of the sample holder,
beneath a filter paper and stainless steel screen supporting
the sample, with the displaced solution floating on top of it.
The method can enhance recovery of solution by several
times over centrifuging at the same speed (Kinniburgh &
Miles, 1983), although the liquid must be lighter than the
soil particles, which can be a problem with organic soils
(Absolom et al., 1995).

Saturated paste and dilution extracts
The oldest, and still most common, way to obtain samples
of soil solution systematically for analysis is to mix the soil
sample with a quantity of distilled water and then to filter
off the liquid. This clearly dilutes the bulk soil solution and
changes the partitioning between Cs and C, depending on
the degree of dilution and the speed at which equilibrium
is attained. In many soils this has only a minor, if any,
effect, but for soil high in organic matter or clay, it may
be very important. Because the soil solution is necessarily
diluted, analysis for species present in only low concentra-
tion becomes more difficult. The method is generally used
to obtain either a saturated paste extract or one of a given
dilution, usually either 1 : 1 or 1 : 5.

In the former case, air-dry soil is mixed carefully with
distilled or deionised water until it is just saturated. This
often requires that the mixture be left covered for a few
hours to attain full saturation, remove air, etc., then topped
up with either more water or, if too much water had been
added, more soil. The solution is then extracted by placing
the sample on a filter paper on a Büchner funnel and apply-
ing a vacuum.

For 1 : 1 or 1 : 5 extracts, the soil is mixed with either an
equal mass of water or five times this, shaken for an hour,
and then the suspension filtered.

In both cases, an adjustment to the amount of water
added is necessary to account for the water in the air-dry
soil, and a drop of 0.1% sodium hexametaphosphate should
be added to prevent precipitation of CaCO3. Further details
are given by Bower and Wilcox (1965) or Rhoades (1996).

Extraction with ionic solutions
Where the speciesof interest are tightly bound to soil particle
surfaces, preventing efficient extraction by mixing with
distilled water, the process can be enhanced and/or acceler-
ated by using a solution containing ions, which have greater
attraction to the surfaces than those already adsorbed. The
particle surface exchanges the ion from the solution with
that adsorbed, thereby freeing it into the bulk solution.
Examples (with increasing ability to dislodge stubborn spe-
cies) are CaCl2, Ba(NO3)2 and HNO3 (Gooddy et al., 1995).

20.2 In situ Collection of Soil Solution

For much the same reasons that methods for in situ mea-
surements of soil water content and potential have been

developed, so sampling of soil solution from equipment
embedded in the soil is desirable. Most such devices, how-
ever, suffer from uncertainty in:
• The volume from which the sample is taken
• The proportions of water collected from preferential
routes or slower moving water
• The effect of the equipment itself on modifying the
chemical composition of the water
• Chemical transformations occurring between sampling
and collection

In short, the same sort of problems that attend all
methods for monitoring water content and potential in
situ but more complex. In the same way as for water mea-
surements, this should not be a deterrent to making the
effort, but a recognition of the limitations allows precau-
tions to be taken against the most obvious defects and
engenders a healthy scepticism when interpreting the
results.

20.2.1 Suction samplers

Otherwise known as vacuum or tension samplers, suction
(or vacuum) lysimeters, ceramic cup samplers and several
other variants, these are the workhorses of the solution
sampling world.Wagner (1962) is credited with introducing
this particular form of sampler, which need not produce a
great deal of disturbance to the natural soil environment.
The suction sampler resembles a tensiometer very closely,
and some workers use slightly modified tensiometers for
the purpose. Usually, however, the suction sampler is con-
structed from a larger porous cup cemented to a tube of
about 50–75mm diameter. This increases both the area
of contact with the soil and the volume of vacuum reservoir
available within the device over that of a normal tensi-
ometer. The essential elements of a suction sampler are
shown in Fig. 20.2. The sampler and collecting vessel can
be evacuated by use of a small hand- or battery-operated
pump, and then sealed off by closing the tap. Soil solution
is attracted into the sampler body if the vacuum pressure
inside it is lower than thematric potential of the soil water.
The amount collected depends on the conductivity of the
porous cup, its size, the goodness of contact between it
and the soil, the hydraulic properties and the water status
of the soil. In wet conditions, therefore, large quantities
of water may be collected in a few hours, whereas in drier
conditions, no sample or only a few millilitres may be col-
lected. If the soil is too dry, the porous cup may fail to pre-
serve the vacuum. A vacuum gauge is a useful optional
extra to allowmonitoring of the collection progress. As soil
solution collects in the sampler, the vacuumwill fall. In the
absence of leaks, the vacuum, ψv, below atmospheric pres-
sure,A, in the sampler when a volume v of sample has been
collected will be

ψv =
ψ0V0−Av
V0−v

20 2 1
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or

v =
ψ0−ψv

A−ψv
V0 20 2 2

where
ψ0 is the initial vacuum in the sampler and
V0 is the total volume of the sampler plus collecting vessel.

Temperature and atmospheric pressure changes will
have a slight effect on this.

The gauge will also warn of failure of the sampler.
Onceapredeterminedtimeofcollectionhaspassedor it is

judgedthat sufficient samplehasbeencollected fromthe rise
in internal pressure, the sample may be collected simply by
opening the tap. This allows air into the sampler and pushes
the collected solutionup the collecting tube into the collect-
ing vessel. This is only possible if there is enough vacuum in
the collecting vessel to lift thewater up the length of the col-
lecting tube. For deep installations, or where there is insuffi-
cient vacuum at the end of the collection period, pressure
must be applied to the suction pump connection and a vent
supplied to thecollectingvessel. For samplecollectionunder
pressure, the sealing bung on top of the sampler body and
some of the other joints may need to be made with engi-
neered connectors to avoid them coming apart.

Precautions should be taken to avoid the danger of any
part of the system causing injury from implosion (under
vacuum) or explosion (under pressure). Wrapping a glass
vessel in adhesive tape may be sufficient. Commercially

available Buchner flasks are designed for evacuation and
are convenient. The sidearm can be used for a pressure
gauge, a vent when collecting solution under pressure or,
with a vacuum pump, to suck the sample from a shallow
installation when the system vacuum has declined too far.

It is important that the collecting tube terminates as
close as possible to the lowest point in the sampler to col-
lect as much solution as possible and leave as little behind
to mix with the next sample.

Porous cups
Tensiometer cups are usually made from sintered glass,
aluminium oxide or ceramic. For many ionic species that
are not strongly adsorbed to soil materials (e.g. Cl−, Br−,
NO3

−, K+, Na+, Ca++), these are perfectly suitable. Most
references in the literature recommend that they bewashed
before use by flushing two or three times with dilute hydro-
chloric acid (Grossmann&Udluft, 1991), followed by flush-
ing well with distilled or deionised water. This should
remove most soluble impurities in the cup material. Most
materials have some cation exchange capacity and flushing
with HCl will saturate the exchange sites with Cl− ions,
which can be displaced into the solution collected while
removing some other anions from the solution. It is likely,
therefore, that the first few samples collected will not be
representative of the soil solution because of the cup’s
exchange capacity. More specialised cups are available
made of sintered or porous stainless steel, PTFE or other
materials. These are much less likely to alter the chemical
makeup of the soil solution and are necessary for sampling
species such as phosphate, some heavy metals and many
pesticides. Most alternative cup materials, however, do
not have an air entry value as low as ceramic and so cannot
be used to collect samples from drier soil.

Vacuum pumps
Handheld vacuum pumps, whether of the Nalgene ‘trig-
ger’ type or similar to a traditional bicycle pump, are
fine for evacuating one or two small samplers but are
very tiring if a large number of samplers need to be evac-
uated. A better solution is a pump similar to a bicycle
floor or ‘track’ pump, which can be held down with
one foot, while two hands can be used to pump with a
long stroke. Small, battery-operated vacuum/pressure
pumps are also available at reasonable cost. These run
from a small sealed lead–acid battery and have proved
very convenient. They are also useful for a variety of
other tasks in the field, such as flushing pressure trans-
ducer tensiometers (see Section 12.7.5). Care needs to be
taken that water does not get into the pump, which can
damage it.

Installation
Precautions to avoid rapid bypass of the soil matrix by
water from above are even more important than for instal-
lation of soil water observation equipment. Even small
quantities of solute reaching a depth, where otherwise
there would be none, can lead to seriously erroneous

Fig. 20.2 Suction sampler for shallow sample collection.
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conclusions. Small ‘skirt’-type deflectors fitting well
around the top of the sampler body, installation inside a
sleeve terminating some 200mm above the cup (see
Fig. 12.18) and/or a bentonite seal pressed around the top
of the sampler body should be employed. The hole, whether
for the sampler body or a sleeving tube, should be tight fit-
ting. Good contact of the porous cup with the surrounding
formation is even more critical than for tensiometers.
Installation into a slurry of native soil from the appropriate
depth should ensure this, but great care must be taken that
exotic solutes are not introduced in the process. Some clay-
rich soils may produce a slurry that, when dried, becomes
effectively impermeable. Use of silica flour in such a cir-
cumstance may be a better option.

In many cases, a few months will be needed before sam-
ples from suction samplers become representative of the
ambient soil solution. During this time, samples should
be taken on a regular basis to keep solution flushing
through the cup and decreasing the time taken for
equilibrium with the soil solution. This process may be
accelerated by preconditioning the sampler cup by soaking
in a solution similar to that expected in the soil
(Grossmann & Udluft, 1991).

Sampling regime
Frequency and elapsed time of sample collection The fre-
quency of sample collection depends on the reasons for col-
lection, the amount of solute needed, thewater status of the
profile and available manpower. In all cases, some time is
needed between evacuation of the sampler and sample col-
lection. In a profile close to or above field capacity, it may
take only a few minutes to collect sufficient sample,
whereas in other soils or at other times, very little or no
samplemay be obtainable over a period of a week. The sam-
pler is unable to collect solution unless its internal pressure
is lower than the matric potential outside the porous cup.
Even then, the hydraulic conductivity of the soil may be
too low to conduct sufficient water, or the specific water
content (see Section 3.1) may be too small to yield enough
solute. The two factors are combined in the diffusivity (see
Section 3.1).

Collection over a short time period causes least distur-
bance to the water and flow distribution in the surrounding
soil. Nevertheless, the solute collected may not be repre-
sentative of the soil matrix. For instance, if the porous
cup is close to a macropore, which is active when the sam-
ple is being taken, then the solute collected is probably
more representative of the solution flowing in the macro-
pore than of the soil matrix. On the other hand, if the sam-
ple is taken at another time, when there is no flow down the
macropore, the sample is likely to be representative of the
matrix solution. If the sampler is evacuated and left for an
extended period (say a week), over which time there is wet-
ting and drying of the soil, then the composition of the sam-
ple collected is even more difficult to interpret. However,
that may be the only way to collect sufficient sample.
Changes in the soil water regime over the time that the
sampler is left evacuated also bring a danger that if the soil

dries over that period, coupled with the internal pressure
rising as sample is collected or there is a little air leakage,
solution may be reabsorbed into the soil from the sampler.

Choice of vacuum Least disturbance to the flow regime
outside the sampler will result if the internal pressure in
the sampler is only slightly below that of the surrounding
soil water. However, the rate of solution flow into the sam-
pler increases as the difference between the two pressures
increases (not necessarily proportionally so). Less distur-
bance, as well as better time resolution of the sampling,
results from keeping the sampling time short.
A compromise must, therefore, be made between a short
sampling time with large differential pressure and a long
sampling time with a smaller pressure difference. It is dif-
ficult, if not impossible, to generalise on these choices.
Dynamicmatching of the vacuum to just below the prevail-
ingmatric potential is possible (see the discussion of porous
plates in Section 20.2.4), but requires sophisticated control
gear and, for most uses, destroys the simplicity of suction
samplers.

Sample collection
For shallow installations, if there is still a reasonable vac-
uum left in the sampler, opening the tap on the vacuum
tube in Fig. 20.2 will force the collected solution into the
collecting vessel. If this is not the case, or for deeper instal-
lations, external pressure will be needed and the collecting
vessel should be vented to atmosphere.

20.2.2 Lysimeters

Alysimeter is a rigid container containing soil. The soilmay
be an undisturbedmonolith, as described in Section 17.1, or
repacked tomimic the natural profile. Usually, the drainage
water is collected from the base of the lysimeter under grav-
ity (often termed a drainage lysimeter). This requires that
the bottom of the lysimeter is at zero matric potential, that
is, saturated. When the soil at the bottom becomes unsatu-
rated, flow ceases. This introduces some uncertainty into
the representivity of solute concentrations and totals. It is
possible to apply a suction to the bottom of the lysimeter,
either by means of a hanging water column or a vacuum
pump. This may be a fixed suction or controlled to match
the ambient water potential of the surroundings, as
described for porous plates below (Section 20.2.4).More dis-
cussion of lysimeters is contained in Section 24.3.6.

20.2.3 Pan samplers

Sometimes called zero tension lysimeters, these are proba-
bly the simplest samplers of all for in situ applications.
They do, however, require a vertical face on the soil (usually
a pit) to install the sampler. The general arrangement is
depicted in Fig. 20.3. The floor of the pan slopes towards
the outlet end, while the upper edge of the sides is in con-
tact with the soil. The pan sampler may be regarded as a
drainage lysimeter without the confining walls.
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Disturbance to the water flow is quite serious, since
water can flow out of the soil only if it is at zero matric
potential. Unless the pan is installed in a position
where this is the case, water flow will tend to be mainly
around the pan, rather than into it, so that the amount
collected is less than would be expected from the aver-
age water flux. The composition of the solution col-
lected is also likely to be biased towards that flowing
in macropores.

Installation
The pan sampler collects water from above it and so should
be installed into a small tunnel more or less horizontally
excavated from the face of a pit (see Fig. 20.3). There may
need to be a perforated plate between the soil and the pan
to prevent soil falling into the pan and possibly blocking
the outlet. The arrangement for installation is shown in
Fig. 20.7. Sampled soil solution flows directly from the out-
let into a collecting vessel.

20.2.4 Porous plates

Porous plates are similar in principle to suction samplers
but usually have a larger collecting area, which can be
orientated perpendicular to the water flow direction, usu-
ally horizontally. A diagram of a porous plate sampler is
shown in Fig. 20.4.

The porous plate, selected to have an air entry value
lower than the lowest soil water matric potential likely
to be experienced, is cemented into a chamber as shown.
The chamber is evacuated and soil solution collects below
the porous plate. Porous plates are usually made of ceramic
butmay be of sintered glass, porous stainless steel or plastic
(e.g. PTFE), where higher flow rates and/or avoidance of
adsorption by the plate material are important.

Installation
Good contact between the plate and the soil are important.
Installation is usually in a small tunnel similar to that for
pan samplers. The top of the tunnel needs, however, to
be flat to maximise the contact area and the plate pressed
upwards withmoderate force. Hydraulic jacks, turnbuckles
andwedges have been used for this purpose. Periodic check-
ing that contact is tight will be necessary. A little loose
native soil or silica flour helps to maximise contact.

Operation
Porous plate samplers may be operated in the same ways as
described for suction samplers above. Because the collecting
area is designed to intercept flow, the volume collected is
expected to be closer to the integrated flux over the area of
the plate and the time of collection. However, if the matric
potential at the upper surface of the plate is not very close
to that in the surrounding soil at the same depth, then water
will be either diverted into or away from the sampler.

Recognising this, various workers have attempted:
• To confine flow by a vertical tube above the sampler,
installation of which causes soil disturbance.
• To evacuate the sampler initially to a pressure approxi-
mating the matric potential as measured by a tensiometer
at the same depth.
• To control the vacuum inside the sampler to equal that
indicated by an external tensiometer (sometimes with a
correction for the expected pressure difference across the
plate) (Booltink et al., 1988; Brye et al., 1999; Lentz & Kin-
caid, 2003; Barzegar et al., 2004; Siemens & Kaupenjohann,
2004; Ciglash et al., 2005). This uses a pressure transducer
tensiometer, electronic control circuitry, electrically con-
trolled valves and an electrical vacuum pump. A problem
with this arrangement is that the pressure drop across the
porous plate depends on the flow rate, and so it is not pos-
sible to match the conditions at the upper surface of the
porous plate exactly to those in the ambient soil at all rates
of flow.
• To control the vacuum in a similar manner to bring the
reading of a tensiometer just above the plate equal to that of
a tensiometer at the same depth some way to the side. The
most successful method to date, however, appears to be to

Fig. 20.3 Pan sampler.

Fig. 20.4 Schematic diagram of a porous plate sampler.
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control the external water potential by rapid cycling of the
internal pressure of the sampler. When thematric potential
at the plate surface, ψp, is higher than that in the natural
soil, ψn, a vacuum pump reduces the internal pressure well
below that of the ambient matric potential. This will cause
ψp to fall below ψn. A valve is then opened to release the
vacuum in the chamber, allowing ψp to recover. Van Grins-
ven et al. (1988) used a monitoring interval of 3–6min for
the control of the vacuum. Kosugi and Katsuyama (2004)
found that under high flow conditions, this gave inadequate
control and used an interval of 3 s.

The last two configurations are sometimes referred
to (not very appropriately) as passive pan samplers. As well
as providing a representative sample of the soil solute
flux, these control mechanisms give a very good measure-
ment of the water flux, since there is only minimal differ-
ence maintained between the ambient matric potential
and that at the plate surface. Soil water flux arriving at
the plate surface is, therefore, expected to be close to that
in the undisturbed soil. Hydraulic properties variability,
fingering and macropore flow, however, may result in con-
siderable spatial variability in water flux and, possibly, in
solute concentration. It is wise, therefore, to use either a
substantial number of small samplers or a smaller number
with a large collecting area. For instance, based on thework
of de Rooij and Stagnitti (2000), Ciglash et al. (2005) used
16 approximately 75-mm diameter glass sintered plate col-
lectors. One obvious difficulty with either type of passive
pan sampler is the high capital cost and power requirement
for the pump, especially with the Kosugi and Katsuyama
variant.

20.2.5 Wick samplers

A hanging water column is an effective and passive way to
exert a suction on soil. A wick, made of a bundle of fibres,
can emulate this. A wick sampler is made of a chemically
inert material, hanging more or less vertically, with its
upper end in contact with the soil. The matric potential
at its interface with the soil will be approximately equal
to the negative height above the lower end of thewick. This
varies slightly according to the amount of flow in the wick.
A schematic diagram of the arrangement is shown in
Fig. 20.5.

Unlike the pan sampler, the wick sampler does not
depend on saturation at the point of contact with the soil,
but the minimum matric potential at which it can operate
is set by the length of the wick (typically 500mm). In most
soils, this is not a significant limitation. Drainage volume
collected is reported to be close to that expected from esti-
mates made by other means (Boll et al. (1992), 103%;
Brandi-Dohrn et al. (1996), 66–80%; Zhu et al. (2002),
106%). This lends confidence that the solute concentra-
tions will also be similar. Zhu et al. (2002)’s figure of
106% included a range from year to year from 99 to
129% and excluded one very wet year, when the volume
was 206% of that expected. Under very wet conditions,

therefore, wick samplers are likely to cause some flow con-
vergence towards the sampler (Holder et al., 1991; Zhu
et al., 2002).

The most popular wick material is glass fibre, as it is
almost inert. Some sodium from the glass may, however,
leach into the collected sample so that caution should be
exercised in interpreting concentrations of this element.
Problems of chemical interpretation have not been reported
for any other species. The wick material, in the form of
glass fibre ropes, is widely available in a variety of different
sizes mainly for industrial insulation applications (Selker,
2002). There is therefore a wide choice available that can
match the pore size distribution of many soils. The manu-
facturing process leaves a number of residues on the fibres,
which may contaminate the solution collected and/or be
hydrophobic (Selker, 2002). This can be eliminated by heat-
ing at 400 C for about 3 h (Knutson et al., 1993).

20.2.6 Resin box samplers

Ion exchange resins offer an alternative way to collect ions
in soil solution. In this case, the liquid carrying the ions is
not preserved, and so there is no information on either the
amount or concentration of the liquid passing through the
sampler. A schematic diagram of a resin box sampler is
shown in Fig. 20.6.

The most commonmaterials for the resin, which is usu-
ally in the form of 0.5–1mm beads, are based on polysty-
rene, which has an open molecular structure, allowing
solutes to penetrate into the polymer. Incorporation of

Fig. 20.5 Wick sampler schematic.
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sulphonic acid groups into the structure produces a
strongly anion adsorbing resin, while quaternary amino
groups lead to strongly cation adsorbing properties.
A mixture of the two types traps both anions and cations
or they may be placed in separate layers. The resin is usu-
ally saturated with a weakly sorbing ion (e.g. H+, Na+, OH−,
HCO3

− or Cl−), which is displaced by more strongly adsorb-
ing ions in the soil solution passing through. After installa-
tion in the soil for some time, often weeks, the resin box is
removed. If there is a mixture of both anionic and cationic
adsorbing resins, these can be separated by their different
density. The solutes sorbed onto the resin can be recovered
after removal from the soil by flushing with a concentrated
solution containing ions not under investigation. The
solutes are detected by chemical analysis of the solution
leached out of the resin.

Because the resin boxmethod depends on solute flowing
through the resin, if the hydraulic properties of the resin do
not match those of the surrounding soil, water flowmay be
diverted either away from or towards the resin box. The
accumulated quantity of solute may therefore be less than
or greater than that passing through an equal area of soil at
the same depth.

Installation
Resin boxes are most conveniently installed from the side
of a pit in a very similar manner to that of pan samplers or
porous plates, although both upper and lower surfaces of
the box must be in good contact with the soil. The upper
and lower surfaces of the resin should be protected by a
layer of fine sand, mesh (Weihermüller et al., 2007) or glass
fibre mat (Siemens & Kaupenjohann, 2004) to avoid loss of
resin. Soil should also be backfilled around the box to
minimise disturbance to the water flow field.

20.2.7 In situ collection of soil solution: Conclusion

All systems described in the foregoing for collection of soil
solution in situ have several drawbacks, which lead to

considerable uncertainty of whether the solute concentra-
tions are representative of the resident soil solution, the flow
concentration or neither; what soil volume the sample is
taken from; the amount of disturbance to the natural flow
regime andwhat chemical changes to the solutionmay have
taken place over the time between sampling and collection
(which in some casesmay be quite long).Nevertheless, valu-
able informationon solute concentrationshas been collected
bymany investigators and, provided that the possible limita-
tions are taken into account, the results can often be inter-
preted to give useful estimates of solute flux.

Fig. 20.6 Schematic of a resin box sampler. The resin may be of a
single type, mixed anionic and cationic or in layers of different
kinds. (See insert for colour representation of the figure.)

Fig. 20.7 Installation arrangements for different solute samplers
from an access pit. From top, suction sampler, pan sampler,
porous plate, wick sampler and resin box. (See insert for colour
representation of the figure.)
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Many of the samplers described require installation
from a vertical surface, which usually requires an access
pit to be dug and all the precautions described in
Section 12.12.1 taken to ensure minimum interference
from the presence of the pit and for personal safety. In addi-
tion, a tunnel or gallery needs to be excavated to emplace a
sampler, which is usually somewhat larger than instru-
ments for water content or potential measurement. To
reduce disturbance to the flow regime as much as possible,
soil should be repacked around the samplers as nearly as
practical to its condition in the undisturbed soil (soil from
the same depth, the same bulk density, etc.). A suggested
arrangement is shown in Fig. 20.7 for each type of sampler.

The different sampler designs are likely to produce
different estimates of soil solution concentration. This
arises partly from the time over which the sampler collects
solution, with some samplers left in the soil for several
weeks, while others can collect a sample in a few minutes.
The soil matric potential at the time of sampling is
also important.Pansamplerscancollecta sampleonlywhen
the soil immediately above it is saturated. The water

collected is, therefore, likely to be biased towards that
flowing inmacropores andduringwetter periods ofweather.
Suction samplers, on the other hand, collect water from a
volume around the cup. Therefore the sample is likely to
be fairly representative of the resident soil solution in its
immediate vicinity over the period that the sampler collects
water. If it intercepts amacropore or is close to onewhich is
active during the time that it is collecting, then this is
expected to have a major influence. Wick samplers are
claimed to collect representative volumes of flowing soil
solution (Selker, 2002; Zhu et al., 2002). This is not likely
to be the case where significant amounts of drainage occur
when the prevailingmatric potential is numerically greater
than the length of the wick. This will be true for many fine
textured soils. Porous plates with vacuum control tomatch
the ambientmatric potential should cause least disturbance
to the flow, so that they should intercept all water from ver-
tically above them, giving both an accurate measure of the
integrated water flux and the flow-weighted solute concen-
tration over the time that they are collecting, but are expen-
sive and power hungry.
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21 Solute Concentration Estimation
by Electrical Conductivity

Ions in the soil solution make it electrically conductive.
Fromthepointofviewof thesoil scientist, theelectrical con-
ductivity of distilled or deionised water is effectively zero.
Any increase in conductivity is therefore a result of solutes
dissolved in the water. This conductivity results only from
ionic solutes. Many pesticides, for instance, are covalently
dissolved and confer negligible conductivity to the solution.
In any case, these are normally of such low concentration by
comparison with ionic solutes that the method could not
detect them against the large ionic background.

The principal limitations for using electrical conductiv-
ity to measure solute concentration are:
• It measures only one quantity, the aggregate effect of all
the ions in the soil solution.
• Converting the measurement of bulk soil electrical con-
ductivity into an estimate of the intrinsic conductivity of
the soil solution is, in many cases, not straightforward.

21.1 Electrical Conductivity of Soil Solution

The concept of electrical conductivity was introduced
briefly in Section 8.3.7. It is defined as the conductance
between twometallic plates of unit area separated by a unit
distance. In SI units, the length scale is a metre and con-
ductance is the siemen (S), and so conductivity has units
of Sm−1. Much of the literature about soil conductivity
uses units of dSm−1 (i.e. 1/10th of a Sm−1), which corre-
sponds to the earlier common usage of mS cm−1. Some
branches of environmental science work with resistivity
in preference to conductivity (e.g. electrical resistivity
imaging, see Chapter 10). Resistivity in Ω m is merely
the reciprocal of conductivity in Sm−1, and so the two
are easily converted.

The electrical conductivity of an ionic solution is pro-
portional to the concentration of those ions. For one ionic
species, the solution conductivity, σs, is given by

σs =KCmμ z , 21 1 1

where
K is a proportionality constant;
Cm is the molar concentration (i.e. the number of moles
of the ion in unit quantity of solution, essentially
a measure of the number of ions of the particular
species);

μ is the mobility of the ion in the solution (the mobility
depends on the size of the ion, collisionswith othermole-
cules and ions as well as temperature), and

z is the valence (i.e. the electrical charge) of the ion.
Real solutions contain both positively and negatively

charged ions (cations and anions) and usually have a mix-
ture of different ions of each type. These will each add their
own conductivity to the solution

σs =K
i

Cmiμi zi , 21 1 2

where the subscript i refers to a particular ionic species. The
solution conductivity is therefore dependent on the con-
centration of the various ions, their valence, both of which
are well-defined quantities, and their mobility, which is a
more variable quantity.

Conductivity is usually quoted for a standard tempera-
ture of 25 C. For other temperatures,T, in the normal range
experienced in soil, a suitable correction is

σs T = σs T 1 + α T−25 21 1 3

The value of α depends only slightly on the particular
ions in the solution. For a 0.01M potassium chloride
(KCl) solution, it is 0.019 C−1 (De Neve et al., 2000). Note
that this correction factor also applies to the mobility.

Other ions in the solution also affect the mobility. This
arises from two sources – a shielding of the ion from the
electrical field by the other ions in its vicinity and a drag
on movement of the ion by ions of opposite charge moving
in the other direction (electrophoresis). These are combined
in Kohlrausch’s law:

Soil Water Measurement: A Practical Handbook, First Edition. J. David Cooper.
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μ = μ0−b I, 21 1 4

where
μ0 is the mobility at infinite dilution;
b is an empirical constant, and
I is the ionic strength of the solution

I = 0 5
i

Cmizi2 21 1 5

The situation is actually more complicated than this,
as there are other interactive effects, such as oppositely
charged ions combining loosely to form short-lived
uncharged ion pairs (see, for instance, Visconti et al.,
2010). However, the previous discussion should give a fla-
vour of the situation.

21.2 Conductivity of Soil

To use measurements of soil conductivity to estimate sol-
ute concentration, we need to know not only the relation
between solute concentration of the solution and its elec-
trical conductivity but also the relation between the elec-
trical conductivity of soil solution and that of the bulk
soil. In unsaturated soil, this depends on both the solution
conductivity and the soil water content. Thiswas discussed
in Section 10.2.1, where Archie’s (1942) law, which is rele-
vant for clay-free formations, and its extension byWaxman
and Smits (1968) were described. Other descriptions of the
relationship have been attempted over the years by, among
others, Rhoades et al. (1976), Nadler and Frenkel (1980),
Rhoades et al. (1989), Mualem and Friedman (1991) and
Mojid et al. (2007). The models all attempt to account for
conduction through the ‘free’ solution in the soil outside
the immediate vicinity of clay surfaces and that via the
ion-rich double layer in contact with the clay. Some also
introduce a third pathway through the solid particles,
which is often negligible. With the exception of the
Rhoades et al. (1989) model, which introduces a serial path-
way, the different models treat the different pathways as
acting in parallel, so that there is a general form of

σb = σwθT θ +T θ f σw, fc,θ + σs, 21 2 1

where
T is a transmission factor to account for tortuous actual

current paths (T is expected to increase as θ decreases);
fc is the fraction of clay (note that different clay minerals

affect current flow through the double layer by different
amounts) and

σs is the conductivity of the soil solids.
The various variables are usually simple functions (lin-

ear or quadratic) of the soil constituents. In view of the
number of variables, the wide range of different soil types
and the difficulty in characterising their response to differ-
ent levels of solute, it is no surprise that there is no

consensus on an appropriate formula nor that it is unlikely
that one formula will fit all soils.

21.3 Measurement of Soil Electrical Conductivity

Several approaches can be taken to measure the electrical
conductivity of soil, both in the laboratory and in the field.
In line with the general difficulty of characterising the con-
centration of soil solution, none of them has the same
standard of precision that characterises measurement of
water content. Nevertheless, major advances have been
and continue to be made in the ability to monitor solutes
in soil in situ.

21.3.1 Laboratory methods

Laboratory measurements can be made of the electrical
conductivity of soil solution samples obtained either from
soil samples extracted from the field, as described in
Section 20.1, or from in situ samplers (Section 20.2). The
conductivity is most conveniently measured by a simple
ac bridge with the solution in a conductivity cell. These
are widely available at modest cost.

Translation into solute concentration may be difficult.
Equation 21.1.2 shows that the ions in solution each have
a different mobility as well as there being possible valence
differences. If the composition of the solution is known, at
least approximately, then the appropriate values for
valence andmobility can be used to calculate the total con-
centration in the solution.

It is important to stress that the conductivity of ionic
solutions is very sensitive to temperature. The standard
temperature for measurement is usually 25 C. If it is not
possible to make measurements at this temperature, then
it should be corrected to 25 C by use of an equation similar
to (21.1.3). Good temperature control is also important, and
measurements must be made in an environment where
temperature does not vary by more than about 0.5 C. This
ensures an imprecision from this source of about 1%. ac
measurements are also important. The imposition of a dc
voltage to a solution causes migration of positive ions in
one direction and negatively charged ones in the other,with
a consequent build-up of charge (polarisation) on each
current electrode, which acts to reduce the voltage (and
therefore the current) within the bulk of the solution.
A frequency of around 1 kHz is frequently used.

21.3.2 Field methods

In the same way that electrical methods can be used to
measure water content of soil, they are also sensitive to sol-
ute concentration. As explained in Section 21.2, using elec-
trical conductivity of soil to estimate solute concentration
involves knowing not only the relationship between solute
concentration and solution conductivity but also that
between solution and soil conductivity. The latter relation
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also requires knowledge of soil water content. Electrical
conductivity of the soil, therefore, is sensitive to bothwater
content and solute concentration. In Chapter 10, we
described electrical resistivity imaging (ERI) as a means
of measuring water content, but it could equally well have
fitted into this chapter as amethod for solute concentration
estimation. In many situations, soil solution electrical con-
ductivity is relatively stable, particularly where no agricul-
tural chemicals are applied and there is sufficient buffering
by clay minerals in the soil. In such situations, the main
change in soil electrical conductivity results from water
content change. On the other hand, tracking themovement
of ionic substances applied artificially to the soil can be
accomplished, at least in principle, if both soil electrical
conductivity and water content are measured or if water
content can be assumed constant.

Ceramic disc salinity sensors
Another porous body in the soil not only achieves matric
potential equilibrium with the soil but also solute concen-
tration equilibrium with the soil solution by diffusive
exchange with the porous body. The ceramic disc salinity
sensor is a disc of porous ceramic with a high air entry
value. This is brought into contactwith the soil at the depth
of interest. Once equilibrium has been attained between
the soil solution and that in the disc, the electrical resist-
ance of the latter is measured using platinum electrodes
embedded in the disc. A spring, situated behind the disc
mounting and retained before installation by a pin, is used
to ensure good contact between the disc and soil. Once in
position, the pin is removed by pulling on a string or wire
attached to it. A thermistor is also incorporated to allow
temperature correction of the readings. A schematic dia-
gram of a salinity sensor appears as Fig. 21.1.

The ceramic is of a high air entry value (about 150m
water— 1.5MPa), which should ensure that it remains sat-
urated under most field conditions. However, it has been
reported that the resistance between the platinum electro-
des is reduced by about 10% at a matric potential of −10m
water (Rhoades, 1996).

Preparation for installation The sensor must be prepared
before installation by soaking inwater for at least 24 h (pref-
erably for several days) to ensure that the ceramic is field
saturated. Saturation under vacuum is not recommended,
as this would create artificially high saturation (Rhoades,
1996). The manufacturers recommend that a weak (~2 dS
m−1) solution rather than pure water be used for this proc-
ess. The sensor should be kept saturated until installation.

Installation The sensor is usually installed from a small
(~32mmdiameter) access holewith the long axis of the sen-
sor at right angles to the axis of the hole using a suitable rod
to place it in position at the correct orientation. The release
pin is then pulled out, allowing the spring to force the
ceramic disc against the side of the hole. The hole is then
backfilled with soil, preferably with some bentonite to

prevent water preferentially infiltrating down the hole.
Because the spring pushes the ceramic disc hard against
the side of the hole, recovery of the sensor may be difficult
except for shallow installation. A version of the sensor is
available without the spring, designed for installation
at the end of the access hole and aligned along it. Greater
care will be needed to ensure good contact with the forma-
tion, although recovery from a lined hole should be
straightforward.

Reading the sensor Soilmoisture Equipment Corp.
recommends the use of its dedicated reader unit for the sen-
sors, as they are optimised for this sensor. This can also be
used for reading the thermistor and is suitable for gypsum
resistance blocks as well as other resistive devices. Other
reader units can be used but should be calibrated with
the sensor. The platinum electrodes are only 1mm apart
and this introduces a significant capacitance into the
circuit.

Several days are needed for the sensor to come to equi-
librium with the soil conditions in which it is installed.
After that, the response time to changes in salinity is of
the order of a few hours (Rhoades, 1996).

Electrical resistivity imaging
ERI was described in some detail in Chapter 10 and will not
be repeated here. As pointed out previously, the electrical
resistivity of the soil is dependent on both water content
and soil solution conductivity. Where independent mea-
surements of water content are available, the measure-
ments can be used to infer soil solution conductivity. An
example is the study by Slater et al. (1997) to track chloride
migration through a Chalk profile using cross-borehole
imaging.

Fig. 21.1 Salinity sensor with release pin in position ready
for installation. Reproduced with permission of Soilmoisture
Equipment Corp.
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Four-point measurement
A simplified version of ERI, a system uses four electrodes,
often mounted rigidly on a wooden frame for convenience
in insertionandkeeping thecorrect spacing.Twoouter elec-
trodes are used to inject electric current into the soil and
voltage read from two inner ones. The resistivity of the soil
in the vicinity of the electrodes can be calculated from
Equation 10.3.8, and discussion of other relevant points
can be found in Chapter 10.

The size of the array can be varied to suit the objectives of
the investigation. One hundred millimetres between the
outer electrodes is probably the smallest sensible array size,
and up to about 1.2m is the maximum that can be handled
in one piece. Larger arrays need to have separate electrodes,
whichismoreinconvenient.Thetheoryassumesthatallelec-
trical contact occurs at the surface. This is not possible to
achieve in most instances, but the electrodes should be
pushed into the soil as small a distance as possible while
remaining in a stable position. Arrays can be left in place for
repeatedmeasurements if non-corroding electrodes are used.

Time domain reflectometry
The theoryof timedomain reflectometry (TDR) for determi-
nation of the real part of soil permittivity and hence water
content measurement was described in Chapter 8. The
imaginary part of the permittivity is, in many cases, domi-
natedby the soil solutionelectrical conductivity.Therefore,
if thispart canbemeasured, thesoil’selectrical conductivity
may be estimated. The measurement may, however, be
influenced by relaxation effects, which have nothing to do
with the dc conductivity.

Although the imaginary part of the permittivity has only
a small effect on travel time (Section 8.5.4), it does have a
significant effect on the reflection amplitude, inmany cases
making identification of the reflected pulse difficult or even
impossible (Section 8.6). To see how the attenuation might
be used to estimate electrical conductivity, it is useful first
of all to see how the TDR trace is displayed and the way in
which attenuation can be measured.

TDR traces in the literature are presented as voltage
measured at the TDR unit, reflection coefficient or occa-
sionally impedance or resistance. The differences between
these may cause some confusion.

Voltage This is the most straightforward method of pres-
entation and merely presents the voltage detected by the
unit as a function of time. Time is often expressed in terms
of a hypothetical distance. This reflects the primary use of
TDR instruments for detecting faults and other discontinu-
ities in cables, so that the distance along the cable to the
point detected can be read directly from the display.

Reflection coefficient This is usually related to a 50Ω
line. Referring to Equation 8.5.29, the reflection coefficient
for a 30Ω load is −0.25. Reflection coefficients for other
termination resistances are shown in Table 21.1. The

reflection coefficient is linearly related to the voltage
according to ρ = V V0 −1.

The reflection coefficient just after the voltage step,
where V =V0, should, therefore, be zero and just before
this, it will be −1. Small departures of the components
of the TDR unit from their nominal value may mean
that there is a small difference in the display. Both the
Tektronix 1502 series and the Campbell TDR100 ins-
truments display the output as reflection coefficient by
default.

Resistance or impedance This is related to the voltage
detected by the unit. There is some inconsistency between
papers in what is meant. The output impedance of the unit
is commonly 50Ω, so that the voltage at the top of the step
output pulse would be displayed as 50Ω.

In some papers (e.g. Mojid et al., 1997; Evett et al., 2005,
2006b), the voltage output seems to be scaled to this value,
so that ‘impedance’ is actually a measure of voltage.

Alternatively, the Tektronix 1502 series cable testers
have a facility to display ‘ohms at cursor’, which will show
the impedance apparently ‘seen’ from any point on the line
according to Equation 8.5.29 on the screen. This can be
used to estimate the impedance of the waveguide at large
time, and hence the bulk soil electrical conductivity
according to Equation 8.5.29. Caution is needed, however,
because it fails to take into account attenuation of the volt-
age along a long coaxial cable, losses in connectors, multi-
plexers, etc. (Castiglione & Shouse, 2003). For instance, if a
50Ω coaxial cable connected to the unit were terminated
by a 30Ω resistor, thiswould cause a reflected pulse to prop-
agate back along the line, according to Equation 8.5.29, of
30−50 30+ 50 = −0 25 of the output voltage, so that
the voltage detected by the unit would be 0.75V0. 0.75V0

would be displayed by the unit as 30Ω. Other equivalents
are shown in Table 21.1.

Measurement of electrical conductivity from TDR
reflections Giese and Tiemann (1975) proposed a method
which provides a close approximation to the true dc con-
ductivity and is the most commonly used method. It relies
on waiting until all reflections between discontinuities in
the electrical conductors have died away and the TDR

Table 21.1 Equivalent values of voltage, reflection coefficient
and impedance for a TDR unit with 50Ω output impedance

Voltage (fraction of V0)
Reflection
coefficient

Impedance
(Ω)

0 −1 0
0.25 −0.75 7.14
0.5 −0.5 16.7
0.75 −0.25 30
1 0 50
1.25 0.25 83.3
1.5 0.5 150
1.75 0.75 350
2 1 ∞
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signal is steady. This corresponds to a very low-frequency
signal. The TDR trace will look something like that
shown in Fig. 21.2.

The analysis of Section 8.5.2 can be applied to this prob-
lem by regarding thewaveguide as a load,ZL, on the end of a
transmission line formed by the coaxial cable, as in
Fig. 8.17. This is valid when the frequency is very low, that
is, at large times when all internal reflections have died out
and the reflected voltage has stabilised at Vmax, as shown in
Fig. 21.2. By designating the characteristic impedance of
the coaxial cable by Zc (in place of Z0), (Vmax −V0) the
reflected voltage (in place of V2) and (V0 −Vref) the incident
voltage (in place of V1), we find

Vmax−V0

V0−Vref
=
ZL−Zc

ZL +Zc
, 21 3 1

so

ZL =Zc
Vmax−Vref

2V0−Vmax−Vref
21 3 2

or alternatively

ZL =Zc
1 + ρmax

1−ρmax
21 3 3

Theminimum value of reflection coefficient is −1, since
ρ is referenced to the voltage provided by the TDR unit,
(V0 −Vref). Themaximum theoretical value of ρ is +1, corre-
sponding to a perfect open circuit. In the absence of any
leakage across the waveguide rods or other losses, this is
what would be recorded.

The load, ZL is given according to Equation 8.5.36,
which is valid for lines at low frequency, by

Z l ≈
1

jωCl
, 21 3 4

with

C = gε 21 3 5

For a two-rod line, g is given by Equation 8.5.1 and ε is
given by Equations 8.3.57 and 8.3.58. For small values of
ω, therefore, the imaginary part dominates and permittivity
approximates to

ε = − j
σ

ω
, 21 3 6

and hence

ZL≈
1
gσl

, 21 3 7

which is purely resistive and the contribution from both
the real part of the permittivity and relaxation effects is
negligible compared with that from ohmic conduction.

So the electrical conductivity of the soil is

σ =
1

glZc

2V0−Vmax−Vref

Vmax−Vref
, 21 3 8

or

σ =
1

glZc

1−ρmax

1 + ρmax
21 3 9

This analysis assumes that the cable is made of perfect
conductors separated by a perfect dielectric and has ignored
the effect of any connectors and multiplexers, which will
reduce the energy going into the waveguide, as will attenu-
ation by resistive losses in the cables. This was investigated
by Castiglione and Shouse (2003), who showed that these
effects could be taken into account bymeasuring the reflec-
tion coefficient of the waveguide in air with the end both
open- (ρair) and short-circuited (ρsc). This leads to aneffective
value for ρmax (ρeff), given by (Castiglione & Shouse, 2003)

ρeff = 2
ρmeas−ρair
ρair−ρsc

, 21 3 10

where ρmeas is the measured value of ρmax.

Electromagnetic induction
Similarly to ERI, electromagnetic induction (EMI) mea-
sures the electrical resistivity of the near surface and is
affected by both water content and solute concentration.
ERI was described in Part II (Water Content) of this book
but could equally well have been in this Part. Similarly,
EMI could have been placed in the Part II.

The method is rapid, capable of making measurements
sensitive to different depth distributions and does not

Fig. 21.2 Time domain reflectometer trace for waveguide
in conductive medium.
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require any fixed equipment, being non-invasive and porta-
ble. This gives, similarly to GPR with a fixed antenna sepa-
ration (Section 8.15.3), the ability to collect data over a large
area in a short time bymoving the instrument along a series
of transects. Also similarly to both ERI and GPR, measure-
ments are integrated over a substantial volume of soil with
a depth weighting which depends on transmitter–receiver
separation, but in the case of EMI also on the relative orien-
tation of the transmitter and receiver coil.

Principles Current flowing through amulti-turn wire coil
generates a magnetic field, as shown diagrammatically in
Fig. 21.3. At a distance of a few coil diameters, the field is
indistinguishable from that of amagnetic dipole. Note that
the dipole orientation is at right angles to the plane of the
coil. If the coil is horizontal, as shown, and close to the
ground surface, then a steady current induces a vertical
magnetic dipole almost exactly the same as a permanent
magnet, with the field penetrating into the ground. There
is some confusion in the literature caused by the different
orientation of the coil and dipole. Some authors refer to
the dipole orientation, while others use that of the coil.
In this book, we will use the dipole orientation when refer-
ring to the direction of the instrument relative to the
ground surface (i.e. if the dipole orientation is parallel to
the ground surface, the plane of the coil is vertical). If the
current through the coil varies in a sinusoidal manner, that
is, it is ac, then the field in the soil, which is predominantly
vertical close to the axis of the coil, will experience the
same variation in intensity, with reversals in phase with
the coil current.

A time-varyingmagnetic field induces an electric field at
right angles to the magnetic field, according to Faraday’s
law. This is circular around the magnetic field lines, since
if it were radial outward or inward, charge would be
depleted or accumulate. The electric field is given by

1
r
∂

∂r
rEϕ = −

∂Bz

∂r
, 21 3 11

where
r is radial distance from the magnetic field line;
Eϕ is the tangential component of the electric field (the
radial and vertical components being zero), and

Bz is the vertical component of the magnetic field (the
horizontal components being assumed zero).
If the magnetic field were spatially uniform, the electric

field from adjacent field lineswould cancel one another out.
As it spreads out away from the axis of the coil, however,
there is a net circular component, and so a current is
induced in a circular direction around the axis of the coil.
The magnitude of this current is proportional to the ampli-
tude of the magnetic field variations, B0, and to the electri-
cal conductivity, σ, of the ground at that depth. The details
are very complicated and will not be shown here.

Because the induced currents are proportional to the rate
of change of the magnetic field, they are π/2 (90 ) out of
phase with the magnetic field variations, that is, if we char-
acterise the magnetic field as B0cos(ωt), the current is pro-
portional to B0ωσsin(ωt). This is sometimes referred to as
being in quadrature.

Thecircularcurrent inducedin thegroundvaries inacom-
plexmannerwithbothdepthandradialdistance fromthecoil
axis. It will itself induce amagnetic field, varying at the same
rate as theprimarymagnetic field andproportional to, butπ/2
outofphasewith it.Providedthatthegroundisnon-magnetic
(i.e. the magnetic permeability, μ = μ0) the primarymagnetic
field at low frequency is not affected by the electrical proper-
ties of the ground. In principle, the secondary magnetic field
produced by the induced current will itself induce other cur-
rents and hence tertiary, etc. fields. In practice, provided that
the induction number s ωμ0σ 2 is small compared with
one, these can be ignored (McNeill, 1980). Here s is the hor-
izontal separation between the primary field coil and a coil
detecting the secondary magnetic field (see Fig. 21.4), and ω
is the angular frequency of the field fluctuations.

Although the secondary magnetic field is very small, it
can be detected against the background of the primary
one because it is out of phase, so the secondary field is max-
imum when the primary field goes through zero.

Similar but more complex arguments apply where the
dipole is horizontal, that is, the coil is edge on to the ground
surface. In this configuration, the induced currents in
the ground are still circular loops in a horizontal plane
(McNeill, 1980). The depth distribution of the measure-
ment is, however, quite different for the three orientations.
These are illustrated in Fig. 21.5 and show that the orienta-
tion with vertical dipoles (i.e. with the coils horizontal)

Fig. 21.3 Magnetic field created by current flowing through
a wire coil. An approximately equivalent magnetic dipole
(represented as a bar magnet) is shown. Note that the dipole
is oriented at right angles to the plane of the coil.
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detects electrically conductive layers deeper in the profile
than either horizontal dipoles or perpendicular dipoles.
Most instruments have the coilsmounted on a single beam,
so that turning the instrument on its side changes the ori-
entation of the coils.

Provided that the low induction number criterion is sat-
isfied, the sensitivity of the reading with depth scales with
the distance between the transmitter and receiver coils.
Also, unlikemost othermethods formeasurement of either
water content or electrical conductivity, the contribution
of different volumes or depths is independent of the value
at that depth. There are, therefore, at least in principle,
three ways in which the variation of electrical conductivity
with depth can be investigated:
1 By changing the spacing between coils. Some instru-
ments offer up to three different inter-coil spacings,
although it is difficult tomanufacture an instrument which
provides many more different spacings.
2 By making measurements with different coil orienta-
tions. In the vertical dipole orientation, the instrument is

insensitive to material immediately below the coils, but it
increases to a maximum at about 0.4s below the coil plane.
By contrast, the horizontal dipole orientation has a maxi-
mumsensitivity immediately below the coil plane, and this
fallsoff steadilywithdepth.Thesensitivityof theperpendic-
ular orientation falls off even faster. The vertical dipole ori-
entation therefore provides information weighted more
towards deeper depths than either the horizontal or perpen-
dicular orientation. Figure 21.5 shows that 75% of the sen-
sitivity comes from the ground below 0.44s for the vertical
dipole orientation and from that only 0.15s for the horizon-
tal dipoles and 0.13s for perpendicular dipoles.
3 By making measurements with the instrument at differ-
ent heights above the ground surface. This exploits the fact
that, provided that the soil is non-magnetic, the contribu-
tion of different depths below the plane of the coils is con-
stant. For instance, if a reading ismadewith the instrument
directly on the ground, the maximum contribution to the
reading in the vertical dipole orientation occurs at a depth
of 0.4s. If it is raised by a distance 0.2s, then the maximum
contribution will come from around a depth of 0.2s.

The weighting of measurements with depth below the
coil plane is (Wait, 1962; McNeill, 1980):

Vertical dipoles

ϕv =
4b

4b2 + 1
3
2
; 21 3 12

Fig. 21.4 Arrangement of transmitter and receiver coils for
EMI measurement. Top, vertical dipole orientation. Middle,
horizontal dipole orientation. Bottom, perpendicular dipole
orientation.

Fig. 21.5 Sensitivity of measurement with depth for EMI
dipole orientations vertical (ϕv – horizontal coils), horizontal
(ϕh – vertical coils) and perpendicular (ϕp – horizontal transmitter
and vertical receiver coil), with cumulative upward values, Rv, Rh

and Rp. Note that depth is expressed as the ratio of depth below
the coil plane to the spacing between the coils.
(See insert for colour representation of the figure.)
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Horizontal dipoles

ϕh = 2−
4b

4b2 + 1
1
2
; 21 3 13

Vertical–horizontal dipoles

ϕv =
2

4b2 + 1
3
2
, 21 3 14

and the cumulative weighting from below a normalised
depth, b= z s, is:

Vertical dipoles

Rv =
1

4b2 + 1
1
2
; 21 3 15

Horizontal dipoles

Rh = 4b2 + 1
1
2−2b; 21 3 16

Vertical–horizontal dipoles

Rp = 1−
2b

4b2 + 1
1
2

21 3 17

These functions are plotted in Fig. 21.5.
Equations 21.3.15 and 21.3.16 may bemisleading if they

are interpreted as meaning that 25% of the reading for hor-
izontal dipoles comes from above 0.15s. If the instrument is
suspended a distance 0.15s above the ground surface, then
the air will contribute nothing to the reading and all of the
reading will come from the ground below this. The correct
way to view these equations is that the ϕ values are weight-
ing functions and so

σ =
∞

0
ϕ b σ b db 21 3 18

where σ is the electrical conductivity displayed by the
instrument. Alternatively, if there are two layers of conduc-
tivity, σ1 to a depth 0.15s and σ2 below this, with the instru-
ment on the ground surface, then the reading, σ, will be
0.25σ1 + 0.75σ2.

Practical instruments for EMI measurement EMI instru-
ments have beenmanufactured for many years by Geonics
Ltd. of Mississauga, Ontario, Canada. For soil water appli-
cations, the most useful models are the EM38-MK2 and
the EM31. The former is a convenient size for carrying
over the ground, being just over 1m long. Three versions
are available, one with a 1-m coil separation, one with an
additional receiver coil at 0.5m from the transmitter and
one (EM38-DD) which is effectively two EM-38s joined
one above the other. The version with two receiver coils

has the ability to measure with four different sensitivity
profiles (two separations and two orientations), while
the EM38-DD can make both horizontal and vertical
orientation measurements simultaneously. Frequency of
operation is 14.5 kHz. A larger (2m coil separation operat-
ing at 9.8 kHz) instrument, the EM31-SH, giving a deeper
depth of sounding can still be easily carried by one person,
while the EM31-MK2 is 4m long. Geonics also manu-
factures a 36mm diameter EMI instrument for use in
plastic or unlined boreholes, with coaxial transmitter
and receiver coils separated by 0.5m and operating at
36.2 kHz.

Dualem Inc. of Milton, also in Ontario, Canada, also
manufactures EMI instruments but incorporates up to
three pairs of receiver coils. In each pair one receiver coil
is set parallel to the transmitter coil and can be used with
the dipoles horizontal or vertical. The other receiver coil
is at right angles to the transmitter coil to form the perpen-
dicular orientation. This allows data fromboth orientations
to be collected simultaneously. Similarly to the Geonics
instruments, Dualem offers a 1m separation instrument,
operating at 9 kHz (Dualem-1), a 2m version (Dualem-2),
a dual 1 and 2m (Dualem-21), a 4m variant (Dualem-4)
and a dual 2 and 4m device (Dualem-42). In addition, there
is theDualem-421, which has receiving coils at 1, 2 and 4m
from the transmitter. Dualem instruments have an internal
calibration facility, which has been found to work well
(Abdu et al., 2007).

Use of EMI sensors Most EMI sensor applications use it in
a survey mode, operating it over a traverse to map ground

Fig. 21.6 Geonics EM38-MK2 in use in the field. The instrument
is carried close to the ground surface and the operator has a
portable GPS system on his back. Both instruments are connected
to a handheld field data logger. Photograph reproduced
with permission from Geonics Ltd.
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conductivity. The devices come equipped with data loggers
or appropriate interfaces to connect to a variety of field data
loggers and GPS systems to enable rapid data acquisition
over a large area. With appropriate backup systems, read-
ings can be acquired every few seconds and geo-referenced
to about 1m accuracy.

The effective depth to which the field-portable sensors
measure is relatively shallow, and so it is usually wise to
keep them as close to the ground surface as practical. When
carried, a height of about 100mm above ground is usually
reasonable. Alternative methods of survey are dragging the
device on a small sled behind a vehicle or on a small cart.
Figure 21.6 shows one of the smaller instruments being
used to conduct a survey in remote terrain.

Because of the susceptibility to electrically conducting
material, operators should not have any metal objects
attached to them close to (about the inter-coil separation)
the instrument. Equally, any sled or cart must be made
entirely of non-conductive and non-magnetic material.
This includes, for instance, axles and tyre beads.

Although temperature compensated, Robinson et al.
(2004) and Abdu et al. (2007) found that temperature varia-
tion could be a problem if all of the instrument was not at
the same temperature. They recommended shading the
instrument from direct sunlight and switching on and
allowing it to warm up for at least an hour at the ambient
temperature of operation.

Themethodologyhasbeenused fora largenumberof geo-
physical applications. Of relevance for soil water, are depth
of soil (Jung et al., 2005;Abdu et al., 2008), soilwater holding
capacity (Abduetal., 2008),mappingof saline andsodic soils
(Corwin& Lesch, 2003; Lesch et al., 2005; Amezketa, 2007;
Herrero et al., 2007; Moffett et al., 2010), precision agricul-
ture (Corwin & Lesch, 2003; Corwin & Plant, 2005; Jung
et al., 2005), linking soil hydraulic properties anddepthwith
ecology (Robinson et al., 2008; Franz et al., 2011), soil water
content monitoring (Reedy & Scanlon, 2003; Sherlock &
McDonnell, 2003;Robinsonetal., 2009, 2012), groundwater
level estimation (Sherlock&McDonnell, 2003) and ground-
water pollution monitoring (Triantafilis et al., 2011).
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22 Water and Solute Transport
Applications

22.1 Introduction

So far, this book has looked at ways of measuring quanti-
ties of water and solutes in a soil profile, the forces that
retain them and cause them to move from one place to
another and the measurement of the soil properties that
control the storage and movement of water and solutes.
Scant attention has, however, been paid to the reasons
for making the measurements and what uses they might
be put to.

The dynamics of water and solute transport affect many
human activities, principally water supply, disposal of
waste water, agriculture, forestry, waste management, mil-
itary activities, recreation and reclamation of polluted land.
Monitoring the movement of both water and solutes has
the potential for improvements in all of these activities,
whether the measurements are used directly to provide a
picture of the present situation or as an adjunct to model-
ling activities by providing system parameters or driving
data or for validation of model outputs.

This last part of the book therefore describes ways in
which the methods described earlier can be combined to
provide estimates of the transport of both water and chem-
ical species in the subsurface environment.

22.2 Uses of Water and Solute Flux Measurements

Knowledge of water and solute flow in the shallow subsur-
face is important for many reasons. These include:
• The water used by different crop–soil combinations, use-
ful for farmers in assessing irrigation requirements or pla-
nning the next season’s crop and for water managers in
planning water resources development.
• Monitoring and predicting the fate of naturally and arti-
ficially applied chemicals to the soil – useful for farmers to
assess fertiliser and pesticide needs and to plan the most
efficient strategy for application and for water and environ-
mental managers to plan mitigation measures to combat
pollution.

• Knowledge of infiltration into the soil allows surface run-
off to be calculated from the difference between it and the
rainfall input. This is important to help predict fast run-off
to streams, flooding of land, surface transport of potential
pollutants, such as pesticides and fertilisers, and water ero-
sion of the soil. Local run-off of water may become run-on
to nearby, more permeable areas, feeding preferential
recharge to groundwater as well as pollutant transport.
• Water fluxaffectsmanyagriculturalactivities.Forinstance:

◦ The rate of infiltration into the soil controls the rate at
which overhead irrigation can be applied without indu-
cing surface run-off.
◦ It also controls the efficiency and areal distribution of
flood, furrow or border irrigation.
◦ The amount of water consumed by a growing crop is
controlled by the rate at which water can be conducted
from the bulk soil to plant roots.
◦ Water flux out of the root zone determines the need for
artificial drainage if the water table is too near the ground
surface.
◦ Water flowwithin the profile controls the rate atwhich
the surface layers of soil dry after a wet season and there-
fore when it is suitable for farming operations using
heavy machinery.

• Groundwater recharge in permeable areas is usually
almost entirely via water flow through the unsaturated
zone so that knowledge of water flux allows the replenish-
ment of groundwater resources to be assessed.
• Artificial recharge of subsurface aquifers is usually via
the unsaturated zone, and so knowledge of the hydraulic
properties of the intervening formation is important for pla-
nning such schemes and ongoing monitoring. Clogging of
recharge basins is an issue and water flux monitoring is
an important aid in managing this.
• Pollution of groundwater via the unsaturated zone relies
on a knowledge of the flux of the relevant solutes and the
factors which control it.
• Pollutants are not necessarily dissolved in water but
carried along with it. They may be biological agents (e.g.
bacteria or viruses) or perhaps even inanimate particulates.
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• The world’s weather and climate systems depend partly
on complex feedbacks involving rainfall, evaporation, run-
off, the radiation balance of vegetation and soil, recharge to
groundwater and streamflow. Understanding these is
needed to improve weather forecasts and climate change
predictions.

22.3 Approaches to the Estimation of Water
and Solute Flux

There are several ways in which estimates of water and/or
solute movement in soil can be made. No method is per-
fect, and indeed, there is usually a significant amount of
uncertainty surrounding any method. For this reason, it
is wise, if possible, to use more than one method. Some
of the factors affecting a suitable choice of method are as
follows.

22.3.1 Objectives

A methodology must be chosen with the objectives clearly
understood. For instance, is irrigation scheduling most
important? Or is pollution of groundwater a significant fac-
tor? Many studies have multiple objectives, which are not
necessarilymutuallyexclusive.Theseoftenchangeovertime
as priorities and people change; other possibilities become
apparent; funding reduces (or sometimes even increases!),
andunexpected problems occur. Retaining a significant level
of flexibility in the initial concept and its application makes
the necessary adjustments more easily achievable.

22.3.2 Timescale

Few applications require knowledge of ‘instantaneous’
water or solute flux, although such measurements can be
integrated over time to produce an accumulated value over
longer periods. For understanding soil processes, however,
short-period flux measurements are useful to assess the
relative contribution of matric or preferential flow to the
overall soil water or solute balance.

Very often, a seasonal or even annual water balance, that
is, the accumulated quantities of rainfall, irrigation, surface
run-off, evaporation and drainage from the profile (or net
contribution from the groundwater table), is of most inter-
est. Similarly for solutes, a net balance of chemical applied,
dry deposition, deposition with rainfall and irrigation,
surface run-off, chemical degradation and output from
the profile are of interest.

For other purposes, a much shorter timescale is needed.
Examples include irrigation scheduling, flood warning and
both surface and groundwater pollution, especially for low
water-holding capacity, macroporous and low infiltration
capacity soils and/or in climates where rainfall occurs
sporadically but at high intensity.

The timescale of interest has a strong bearing on the
choice of methodology. For instance, tracer methods are

usually suitable for relatively long periods, in some cases
extending over decades, whereas more active data collec-
tion can operate with a time resolution of minutes, but
costs of equipment, instrument installation, monitoring
and maintenance are high.

22.3.3 Area of interest

The size of the area of interest is often linked to the time-
scale, as the response time for a large catchment area is
almost alwaysmuch slower than that for a small one. Areas
of interest may range from a small plot of a few square
metres in area, through a field, to a farm or over a large sur-
face or groundwater catchment area, often aggregating
many smaller subcatchments.

The degree of homogeneity of soils, crops, land use,
groundwaterdepth,meteorological conditions, etc., reduces
markedly as the scale of interest increases, making it diffi-
cult to sample adequately all of the variation contributing
to the combined response. Grassland, fallow areas, range-
land and woodland make installation of semi-permanent
monitoring instrumentation relatively simple but are often
representative of only a small proportion of an area, partic-
ularly if it is intensively farmed for arable crops. In sucha sit-
uation, farming operations must be accommodated either
by temporarily removing part of the instrumentation, fol-
lowed by its reinstatement, as described in Section 7.4, or
by hand cultivating the area immediately surrounding the
instruments to mimic as nearly as possible that done by
the farmer. The former strategy involves an interruption
of themonitoring programme for a period, possible disconti-
nuities indataseries if the instrumentscannotbe replaced in
exactly the same position or state and considerable extra
work. The latter strategy risks the data being unrepresenta-
tive of the rest of the field if the hand cultivation does not
replicate those conditions closely.

Over a large area, a balance must be struck between
detailed information at a few ‘points’ and obtaining more
areally extensive information, either by collecting data less
intensively from a larger network of monitoring stations or
by linking measurements made by different methods, some
ofwhich aremore suited to areally extensivemeasurements.
Examples are GPR (Section 8.15), ERI (Chapter 10), remote
sensing,EMI(Section21.3.2),COSMOS(Section7.10),micro-
meteorological measurements and groundwater observa-
tions. Most of these methods are sensitive only to near-
surfaceconditions,andnoneofthemprovideameasureofsoil
water potential. Linking disparate data sources with widely
different footprints, precisions and sensitive volumes is usu-
ally accomplished via models which attempt to reconcile
their varied characteristics.

22.3.4 Study area characteristics

Many factors are involved in choosing a suitable methodol-
ogy to measure water or solute flux in a particular area.
These include, in addition to the factors mentioned earlier
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in this chapter, the climate, topography, soil characteris-
tics, resources available and accessibility. Quite clearly
an appropriate method for making measurements with
high precision on a small plot in a temperate climate
located close to a laboratory with good technical backup
is not likely to be suitable for a remote location in an arid
area of mixed land use where results are required over an
extensive region.

22.4 Dealing with Uncertainty

As stated, nomethod is perfect or suitable for all situations. If
at all possible, more than one approach should be employed
so that a measure of the uncertainty is obtained. These may,
for instance, be methods operating at different time- or areal
scales. Detailedmonitoring at high frequency onone or a few

small field plots may be integrated over time to compare
with a long timescale method, or with more difficulty,
areally extensive measurements from remote sensing, ERI
or EMI may be downscaled to the size of a small plot.

As with all experimental approaches, the more replica-
tions in time and space available, the better will be both
the precision of the results and assessment of the uncer-
tainty. It is thereforewell worth spending time at the design
stage to investigate ways to maximise the efficiency of a
data collection strategy through examining:
• The costs of installation, maintenance, data collection
and external data purchase
• The relative resources required for manual data collec-
tion (which can often be combined with maintenance and
where there is a less tangible benefit of observing many
things that automatic or remote data collection cannot
see) versus automatic recording or telemetry.
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23 Water and Solute Flux
Measurement

Areally extensive measurements, whether over a field or a
wider catchment area, are most often required for opera-
tional needs, as opposed to investigation of the controlling
factors. Where an area is reasonably homogeneous, ‘point’
or plot-scale measurements of water flux at a few points
over the area may well be appropriate and sufficiently rep-
resentative. These methods are the best developed and
often provide the reference against which other methodol-
ogies are assessed. Moreover, soil-based measurements are
almost universally employed at the plot level. In this chap-
ter, we will consider methods that aim to measure the flux
of water and solute, that is, the effectively instantaneous
rate of movement of these quantities. In the following
chapter, we will look at how the accumulated amount
transferred over a period of time can be assessed. The dis-
tinction is, to some extent, artificial, since one can rarely
measure a truly instantaneous flux and assessment of the
success of such measurements almost always involves a
comparison with an accumulated value.

23.1 Solute Flux Related to Water Flux

The simplest assumption when estimating the flux of sol-
ute is that the flux of solute is equal to thewater fluxmulti-
plied by the solute concentration. Section 20.1.2 described
how in some soils, particularly those that are clay rich,
some of the solute is bound weakly to particle surfaces. It
was necessary to define two concentrations – that in the
soil solution and that of solute bound to soil surfaces. To
illustrate the effect on solute movement, we will take the
simplest description and assume that the relation between
concentration of the solution and that adsorbed is given
by Equation 20.1.1 and that there is always equilibrium
between the two, that is, there is no significant delay
between the change in concentration of the soil solution
and that on the solids. We will also assume that the water
flux, q, is constant in both time and space, which implies
that θ is constant in time, and that we can assume

one-dimensional flow. The situation can be regarded as
similar to that discussed in Section 2.2.2.

Since only the solute in the soil solutionmoves, the rate
of increase of solute mass, AMtδz, in a length, δz, and area,
A, of soil is given by

A
∂Mt

∂t
δz=AC z q z −AC z + δz q 23 1 1

giving

∂Mt

∂t
= −q

∂C
∂z

23 1 2

and from Equation 20.1.4

∂Mt

∂t
= θ

∂C
∂t

+ ρd
∂Cs

∂t
23 1 3

But from Equation 20.1.1

∂Cs

∂t
=Kd

∂C
∂t

23 1 4

So Equation 23.1.3 can be written as

∂Mt

∂t
= θ 1 +

ρdKd

θ

∂C
∂t

23 1 5

and combining with 23.1.2 gives

q
θ

∂C
∂z

= − 1 +
ρdKd

θ

∂C
∂t

23 1 6

Now the term q θ is the average water velocity in the
medium, Equation 19.1.4, which is equal to the solute par-
ticle velocity when Kd is zero. Adsorption, therefore,
reduces the average solute velocity relative to that of the
water by a factor 1 + ρdKd θ , which is called the retarda-
tion factor.
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The same analysis applies not only to linear adsorption
but also to solutemovement in aggregated and other porous
media as well as heat flow.

Water in aggregated and fractured porous media is often
regarded as composed of mobile water in the interaggregate
pores or fractures and immobilewater in the intra-aggregate
poresandblocksbetween fractures.Granular soils alsooften
contain pores where water flow is, effectively, stationary as
well as inblindpores.The immobilewater is regardedasable
to exchange solutes by diffusion with the mobile water, so
that, conceptually, there is no difference between the solute
in the immobilewater andthatadsorbedonclayparticle sur-
faces. If diffusive interchange is fast enough that the immo-
bile and mobile water are in equilibrium, then the amount
of solute in themobilewater isCθmandthat in the immobile
water is CθI, where θm and θI are the volumetric water
content of mobile and immobile water. A retardation factor
of 1 + θI θm would therefore be expected.

23.2 Darcy’s Law Solutions

Methods for measurement of the hydraulic conductivity of
soil as a function of either water content or potential were
described in Part V, Chapters 16–18. It is an obvious step to
use such measurements to compute the soil water flux by
measuring the hydraulic gradient with tensiometers. The
appropriate hydraulic conductivity value can be identified
from either tensiometer or water content measurements
to yield the soil water flux from Darcy’s law:

q = −K
dψ
dz

23 2 1

A number of investigators have attempted to use this
method to measure soil water flux. These are summarised
in Table 23.1.

Most of these had no independent check on the flux cal-
culations, although the results were mostly plausible.
Where comparisonwas available, the resultswere generally
poor (van Bavel et al., 1968; Cooper 1979, 1985; Steenhuis
et al., 1985), often predicting the fluxwith a factor incorrect
by several times. The checks could be made only against
the accumulated flux over a considerable period of time.

Several authors (van Bavel et al., 1968; Stone et al.,
1973a, b; Allmaras et al. 1975a, b; Arya et al., 1975b, c; Rice,
1975; Reicosky et al., 1977; Kengni et al., 1994; Normand
et al., 1997) have used themeasurement of water flux at dif-
ferent depths, together with water content changes, to esti-
mate uptake of water by roots. This can be computed by an
extension of the equation of continuity (Section 2.2.2).
Assuming one-dimensional vertical flow, thewater balance
of a depth of soil from z to z + δz can be written as

z+δz

z

∂θ

∂t
dz =q z −q z + δz −

z+δx

z
r z dz 23 2 2

where q(z) and r(z) are the water flux (mm d−1) and the rate
of removal of water by roots at depth z (mmm−1 d−1). Water
uptake measurements using this procedure have been
plausible.

Most investigationshavebeenmade in theupper 2 or 3m
of the soil profile, but Enfield et al. (1973) made measure-
ments to 94m over a deep water table at an arid site, Scholl
(1976) to 4.5m, Cooper (1979) to 5.7m, Jewell (1990) to 5m,
Healy andMills (1991) at 13m, Nimmo et al. (1994, 2002b)
at 3–30m and Hubbell et al. (2004) to 70m.

Onlyoneor twoinvestigationshavebeenmadeunderarid
conditions. Enfield et al. (1973) used psychrometers tomeas-
ure water potential and also estimated water flux driven by
bothhydraulicandthermal gradientsaccording to the theory
of Philip and de Vries (1957). The hydraulic and thermal
gradients were about 0.4 and 0.046 C m−1, leading to esti-
mates of about 0.3mmyear−1 downward flux from the
hydraulic gradient and0.04mmyear−1 upward flux resulting
from the temperature gradient. Nimmo et al. (1994, 2002b)
used centrifuge measurements (Section 17.11) to measure
lowhydraulic conductivities associated with dry conditions
in the Palouse Hills, Washington State, United States, and
theMojaveDesert,California,withtheassumptionsofaunit
hydraulic gradient and that at depths below about 3m the
water flux in an arid area would be steady.

23.3 Direct Water Flux Detection

A number of devices have been introduced which can
detect water flux in soil directly. In general, their main
drawbacks include poor sensitivity, limiting their use to
high soil water fluxes (often larger than experienced under
most natural conditions) and the need for major distur-
bance of the soil to install them.

23.3.1 The fluxmeter

Heat flux in soil is measured routinely using heat flux
plates (Sauer et al., 2002). These consist of a thin layer of
poorly heat-conducting material with a thermopile (series
of thermocouples) on either side, so that the temperature
difference between each side can be measured. Knowing
the thermal conductivity of the material, the temperature
difference can be converted to heat flux through the insu-
lating material. The plates are quite thin compared with
their area, so that little heat bypasses the plates and so
the electrical output from the plates is proportional to
the heat flux.

The fluxmeter (Cary, 1968, 1970, 1971) operates on a
similar principle. It uses a ceramic material of known
hydraulic conductivity and sufficiently small pore size so
that it will remain saturated over the expected range of
water potential. The difference in water pressure at each
side of the ceramic can then be related to the flux passing
through the ceramic by application of Darcy’s law. There
is no need for tensiometer cups, since the ceramic remains
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saturated and so acts as its own cups. The arrangement is
shown in Fig. 23.1.

To obtain a reasonable potential difference across the
block and to ensure that the overall size of the sensor is
not too large to fabricate and to install, the thickness/
diameter ratio must be much larger than for heat flux
plates. In addition, the hydraulic conductivity of soil varies
over many more orders of magnitude than does its thermal
conductivity. It is impossible, therefore, to match the
hydraulic conductivity of the block to that of the soil over
most of its range and because its dimensions are necessarily
such that it effectively presents a large obstacle or, alterna-
tively, short cut forwater flow, it causes a significant distor-
tion of flow either around or through it. The flux recorded
is, therefore, likely to be significantly lower or higher than
that in the surrounding soil.

To overcome this limitation, Cary (1971) installed
the ceramic block inside a tube filled with soil from the

surrounding area, whose hydraulic properties are similar
to the natural environment. The whole assembly should,
therefore, appear to have a hydraulic conductivity much
closer to that of its surroundings. This soil is inevitably
disturbed, whichmeans that it is unlikely tomatch the sur-
roundings perfectly and the total length of the assembly
makes it almost impossible to install in the field without
considerable disturbance to the surrounding soil.

23.3.2 Heat transport sensors

A small heater can inject thermal energy into the soil water,
raising its temperature above that of its surroundings.
The heat is carried alongwith themovingwater, eventually
dissipating as heat is conducted away into the bulk soil.
Measurement of temperature change close to the heater,
however, allows the water flux to be estimated using the
excess heat as a tracer of water flow.

Table 23.1 Published studies using Darcy’s law solutions to estimate unsaturated zone water flux

Authors
Source of water
content

Source of water
potential

Hydraulic
conductivity
method

Hydraulic
conductivity
location Independent check

Rose and Stern (1967) Neutron probe Neutron probe/Lab
SWC

IP Same plot N

Van Bavel et al. (1968) Neutron probe Tensiometers IP Same plot Lysimeter
Stone et al. (1973a) Tensiometers/Lab SWC Tensiometers IP Adjacent plot N
Enfield et al. (1973) None Psychrometers Lab Ks and MQ Drill cores N
Rice (1975) Neutron probe Scanivalve

tensiometers
IP and
Laliberte
procedure

Same plot Lysimeter evaporation
in previous years

Allmaras et al. (1975a) Neutron probe Tensiometers IP/MQ Adjacent plot Neutron probe
Arya et al. (1975b, c) Tensiometers/Lab SWC Tensiometers ZFP/hot air Nearby plot N
Scholl (1976) Neutron probe Neutron probe/Lab

SWC
Lab Ks and
Laliberte
procedure

Nearby pit Streamflow nearby
catchment

Reicosky et al. (1977) Tensiometers/Lab SWC Tensiometers IP Nearby plot N
Ahuja and El-Swaify
(1979)

None Scanivalve
tensiometers

Heavy rain Same plot N

Cooper (1979) Neutron probe Tensiometers Poulovassilis Nearby plot ZFP method
Steenhuis et al. (1985) Neutron probe Tensiometers IP + Lab Same plots Water balance
Cooper (1985) Neutron probe Tensiometers Poulovassilis Same plot ZFP method
Stephens and
Knowlton (1986)

Neutron probe Tensiometers IP Nearby plot N

Healy (1989) Moisture probe Tensiometers Green and
Cory (1971)
relation

Field ZFP method, surface
water balance,
groundwater budget

Healy and Mills (1991) Tensiometers/Lab SWC Tensiometers Lab SWC with
VG-Mualem

Same plot N

Klaij and Vachaud
(1992)

Neutron probe None Unit gradient Same plot Numerical model

Nimmo et al. (1994) Core samples Core samples Centrifuge Core samples N
Kengni et al. (1994) Neutron probe Tensiometers ZFP method Same plot ZFP method; 15N balance
Normand et al. (1997) Neutron probe Tensiometers ZFP method Same plot ZFP method; 15N balance
Nimmo et al. (2002b) Core samples Core samples Centrifuge Core samples N
Hubbell et al. (2004) Tensiometers/Lab SWC PTTs VG-Mualem Lab N

IP, instantaneous profile method; MQ,Millington and Quirk (1959, 1961) method (see Section 16.2.2); PTT, pressure transducer tensiometer; SWC, soil water
characteristic; VG-Mualem, van Genuchten method (Van Genuchten, 1980) with Mualem (1976) formula.
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This kind of sensor has much in common with the ther-
mal water content and water potential sensors described in
Chapter 9 and Section 13.4. The same principle has been
used for a considerable time to estimate sap flow in plant
stems (Granier, 1987).

There are two approaches to the design of thermal water
flux sensors:
1 A steady source of heat will, in the absence of water flow
and in a homogeneous environment, heat its surroundings
evenly, with temperature falling radially away from the
heat source to ambient level at some considerable distance.
Flowing water distorts this pattern, with a sensor down-
stream in the flow direction recording a higher temperature
than one upstream.
2 Alternatively, a pulse of heatmay be injected into the soil
and its transport away from the heat source monitored to
estimate flow velocity.

In either case, the arrangement is very similar and illus-
trated in Fig. 23.2. With the addition of an extra tempera-
ture probe, it is virtually identical to the dual-probe heat-
pulse (DPHP) water content sensor (Chapter 9).

Steady heat source
Kawanishi (1983) proposed a sensor based on heating from a
steady heat source. This built on earlier work by Byrne et al.
(1967, 1968), having thermocouples placed a short distance
above and below the heater. If water flow is downwards, the
lower thermocouple is expected to be warmer than the
upper one. The theory of the method ignores liquid and
vapour flow driven by the thermal gradient set up by the
heater. The water flux is estimated by solving the steady-
state heat flow equations, modified by a moving water
phase. An additional complication is that a correctionmust
be made for the natural thermal gradient in the soil.

Soil water content, heat capacity and thermal conduc-
tivity of the soil are needed to use the method. Kawanishi
(1983) was able to calibrate his sensor for soil water fluxes
down to 0.01mmh−1, which is a very useful range in many
applications. Despite this, themethod has not received gen-
eral acceptance. The general principles are, however, used
more widely in measurements of sap flow in woody stems
(Granier, 1987).

Heat-pulse sensors
Morework has been put into development of the heat-pulse
method for measurement of soil water flux. The method
has been in use for groundwater flow monitoring in bore-
holes for some considerable time. Melville et al. (1985)
and Sisodia and Helweg (1998) conducted theoretical ana-
lyses of a commercial probe designed for groundwater flow
monitoring in a backfilled borehole.

Theory The heat-pulse probe for measuring water flux is
similartotheDPHPsensorformeasurementofwatercontent
(Chapter 9). There it was shown in Equation 9.2.1 that if an
amountofheat,E, perunit length, is released instantaneously
from an infinite line source, then the temperature rise, ΔT,
after a time t at a distance r from the line source is given by

ΔT =
E

4πkt
e− r2

4αt 23 3 1

where
k is the thermal conductivity of the soil and
α is its thermal diffusivity k ρc .

If the line source is horizontal and parallel with the
y-axis, then r2 = x2 + z2, and so Equation 23.3.1 can be
written as

ΔT =
E

4πkt
e−x2 + z2

4αt 23 3 2

This equation is valid for a stationarymedium. If there is
flow in the z direction at a velocity u, then the temperature
will be modified in that direction by the heat transported
by the water (convective transport) in addition to that by

Fig. 23.1 Diagrammatic representation of a flux meter.

Fig. 23.2 Arrangement of a heat transport sensor.
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conduction. The convective heat will not, however, be con-
ducted at the same velocity as the fluid, since that trans-
ported by the water will also heat the soil matrix. The
situation is similar to that described in Section 23.1 and
leads to the velocity of heat transport being slower than
the water flux in the same way as for solute.

In the case of heat transport by convection, the heat flux,
H, isqρwcwT, whereq is thewater flux, ρwcw is the volumet-
ric heat capacity of water and T is the excess temperature
over ambient. Assuming instantaneous thermal equilib-
riumwith thematrix, theheatvelocity, s, is givenbythe flux
divided by the volumetric heat capacity of the soil, that is,

s =
qρwcwT

ρwcw + ρbcs T
=

qρwcw
ρwcw + ρbcs

=
ρwcwθ

ρwcw + ρbcs
u

23 3 3

where ρbcs is the volumetric heat capacity of the soil
matrix. Note that in this case the heat velocity is smaller
than the heat flux, whereas for water flow, the speed is
greater than the water flux.

Now where the water is moving towards the sensor, the
heat pulse will travel faster in the z direction than in the x
direction. In a time t, it will have travelled a distance st
further than if there had been no flow.

So to take this into account, we can substitute zu = zu + st
for z in Equation 23.3.2 for the upstream sensor and
zd = zd−st for the downstream sensor. Also, x = 0 since the
sensors are both along the z-axis. Equation 23.3.2 thus
becomes for each sensor

ΔTu =
E

4πkt
e− zu + st 2

4αt ; 23 3 4

ΔTd =
E

4πkt
e−

zd −st 2

4αt 23 3 5

The ratio of the temperature rise at each sensor at any
given time is

ΔTd

ΔTu
= e

zu + st 2 − zd −st 2

4αt 23 3 6

leading to

ln
ΔTd

ΔTu
=

zu + zd zu−zd + 2st
4αt

23 3 7

and

s =
2α

zu + zd
ln

ΔTd

ΔTu
+
zd−zu
2t

23 3 8

or

q=
2k

ρwcw zu + zd
ln

ΔTd

ΔTu
+
k zd−zu
2αρwcwt

23 3 9

If zu = zd = z0, this reduces to (Wang et al., 2002a, b)

q=
k

ρwcwz0
ln

ΔTd

ΔTu
23 3 10

It is difficult to make the needle spacings exactly equal,
but if zd − zu is small, at reasonably long times, the last term
in Equation 23.3.9 is negligible, and so this equation
reduces to

q=
2k

ρwcw zu + zd
ln

ΔTd

ΔTu
23 3 11

Oschner et al. (2005) found that this method of analysis
was quite simple and gave precise results, although they
found systematic overestimation of water flux by between
26 and 78% in laboratory experiments with saturated soil
of various types and at a range of different water fluxes
between 1 and 372mmh−1.

While the calibrationappears tobe reasonably insensitive
to α, it still requires a knowledge of the soil thermal conduc-
tivity,k. In the laboratory, thismaynot be toodifficult, but it
presents some problems in the field andmay need to be esti-
mated from knowledge of the soil’s thermal properties and
water content measurement. The latter can be measured
using theDPHPmethod (Chapter9)withanotherpairof tem-
perature sensors perpendicular to the direction of fluid flow
(Morietal., 2003,2005)orbyusingtheneedlesasTDRprobes
(Baker & Goodrich, 1987; Ren et al., 1999, 2003a, 2005).

Use of inverse techniques (Section 17.12) (Mori et al.,
2003, 2005; Mortensen et al., 2006; Yang et al., 2013) has
improved estimation of water flux. Yang et al. (2013), using
a probe with four sensing needles arranged in a cross shape
around a central heater, were able to measure soil thermal
properties as well as water flux components in two perpen-
dicular directions down to flux rates as low as 12mmd−1.
This is still quite high compared with drainage flux out of
manyunsaturated soil profiles except under verywet condi-
tions but is encouraging for practical field use. Mortensen
etal. (2006) alsoaddedtwoextraelectrodes toasimilarprobe
to that used by Yang et al. (2013). With two of the existing
electrodes, these formed a Wenner array (Section 10.3) and
allowed measurement of the electrical conductivity of the
soil, from which solute concentration could be estimated.
Thuswithone instrument,water content,water flux, solute
concentration, solute flux and soil thermal properties may
be measured within approximately the same, albeit small,
volume. The principal limitation to the accuracy of these
methods appears to be obtaining sufficiently accurate tem-
peraturemeasurementswhenthedifferences areverysmall.

To date, no field applications of the instrument appear to
have been reported, but there seem to be no reasons why it
should not be as suitable for field use as the DPHP probe,
which is used in field applications, especially if the lowest
flux rate that can be resolved is reduced. The sensing vol-
ume is small, so that a large number would be needed
to obtain a representative area average value. This may,
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however, provide an opportunity to understand the spatial
variability in flow fields that other methods do not. The
sensors are quite cheap to construct, so that deploying a
large number should not present many problems.

23.3.3 Porous plates

The use of porous plates for solute sampling was covered in
some detail in Section 20.2.4 and will not be repeated here.
In Section 20.2.4, the likely representivity of solute con-
centration collected was judged on whether the sampler
distorted the flow paths of water reaching it. The same cri-
terion is expected to control whether the water quantity
collected by the sampler is representative of the water flux
over the collecting area, so that a ‘good’ sampler for one pur-
pose should be equally good for the other.

Porous plates are clearly not suitable where matric
potential is close to or below −10mwater, since this would
imply a pressure inside the collection vessel of less than
absolute zero.

Spatial variability is another problem to be confronted in
anyattempt tomonitorwater flux rates. If anaggregatewater
flux over an area is required, then as large a collecting area as
is practical should be employed. This ismore likely to be the
casewherewater flow to field drains or recharge to anunder-
lying groundwater body is the objective. For solute move-
ment, it is more likely that an understanding of the areal
distribution of solution flux is important and a relatively
large number of individual collectors should be employed.
This is particularly the case where preferential flow is likely
tobe important, as fastmovementof dissolved substances to
deep depths is likely to be of concern, both from the point of
view of potential pollution and loss of agrochemical.

23.3.4 Wick samplers

These were covered in some detail in Section 20.2.5. Van
der Velde et al. (2005) compared three designs of fluxmeter,

one a simple zero tension device, similar to a pan sampler
with a 315-mm-diameter funnel as the collecting pan; the
other two were wick samplers with the upper part of the
wick teased out on the inner surface of a 200-mm-diameter
funnel and with 500mm of wick draining vertically into a
collector. One wick sampler drained into a collection tube,
which automatically siphoned to a drain once it was full.
Detection of the level in the collector was by an ECH2O
water sensor (Section 8.9). The other wick sampler drained
into a small tipping bucket. Tips were recorded. All sam-
plers had a thin-walled tube of the same diameter as the
funnel above them to limit flow divergence. This was
packed with native soil. The smaller-diameter wick sam-
plers had a 500-mm-long divergence control tube and the
zero tension sampler had one of 200mm.

The samplers were installed at a depth of 1m below
ground surface in a heavy clay soil in Tonga. Although
the zero tension samplers did not record any drainage once
the soil water content fell slightly below saturation, the
total recorded was close to that estimated by a simple
water balance model and a more sophisticated numerical
model (HYDRUS1-D). The wick samplers, however,
recorded considerablymore drainage flux than the rainfall,
which was attributed to probable convergence of water
flow at the top of the flow divergence tube, possibly caused
by the wick length being too long and therefore exerting
too high a suction compared with that of the surrounding
soil. In other situations, wick samplers have shown rea-
sonably good agreement with water volumes measured
independently (see Section 20.2.5), but under very wet
conditions, as in this instance, the high collection effi-
ciency appears to be similar to that reported from other
studies under similar climatic regimes (Holder et al.,
1991; Zhu et al., 2002).

Considerable caution is required, therefore, before tak-
ing the results from wick, or indeed, any fixed-potential
sampler as representative of water or solute flux in its
surroundings.
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24 Soil Water and Solute Balance
Measurement and Estimation

24.1 Introduction

There is a fine distinction between the flux and soil water or
solutebalance.Theterm ‘flux’ impliesan instantaneousmeas-
urement of the flow, while ‘balance’ is usually taken tomean
the accumulated quantity of water or solute flow over some
time period. In reality, as explained in the introduction to
the previous chapter, the two grade into one another. This
chapter concentrates on methods which yield accumulated
quantities of soilwater or solute flow across a depth in the soil
and account for the fate of all water or solute falling on or
applied to the surface. The reasons for dealing with a water
or solute balance rather than short-period fluxes may be
becausethe latterareof little interest, thedetailof short-period
fluctuations is tooconfusing, constraintsonobservationmean
that data can be collected only infrequently or the measure-
ment methods are not sufficiently accurate to allow reliable
estimates of ‘instantaneous’ flux with better time resolution.

Measurement of soil water and solute balances is usu-
ally connected with agricultural, ecological, forestry or
hydrological objectives. These include:
• Assessing the amount of water consumed by different
crops to assess, for instance, irrigation requirements or
their suitability for growth in a particular location.
• Determining the water use efficiency of a crop or irriga-
tion regime.
• Estimating losses of fertiliser by deep drainage.
• Computing pollution of groundwater by agricultural che-
micals or other substances.
• Measuring the efficiency of a drainage scheme.
• Determining the factors controlling competition for
water between different plant communities.
• Estimating volumes of direct runoff compared with infil-
tration into and drainage from the soil.
• Estimating recharge to groundwater for water resources
development.

The methods employed depend on:
• The particular objectives.
• The timescale over which the water or solute balance
should be measured.

• The soil hydraulic properties.
• The interactions between solutes, microbes and the soil
matrix, leading to anion exclusion, retardation and chemi-
cal transformations.
• The depth at which measurements are needed.
• The climate.

Solute transport and soil water flow are inextricably
linked, so that both aspects will be dealt with together.

24.2 General Principles

Although much of the earth’s surface is covered with hills
andmountains, which slope quite significantly, most of the
land used for growing crops occurs in lowland locations,
which are fairly flat. There is, therefore, less motivation
for studying steeply sloping situations, which are, in any
case, much more difficult experimentally. In areas of mod-
est slope, it is often assumed, without necessarily a great
deal of justification, that unsaturated water flow is very
nearly vertical, and so an assumption of a one-dimensional
system is justified. We will, for the most part, follow this
approach.

The main components of the water balance of a typical
area of land are shown schematically in Fig. 24.1. Input is
mainly by precipitation or irrigation from above, while
the main outputs are evaporation and drainage to the water
table. Theremay be runoff from the area or, possibly, runon
from slightly higher areas. In some cases, drainage to the
water table may be reversed and upward flow, or discharge,
may feed water into the unsaturated zone from below.
Solutes may be introduced dissolved in rain or irrigation
water or by dry deposition or as granular fertiliser, for
instance.

A proportion (often a large one) of overhead input,
whether from rainfall, irrigation or snowfall, can be inter-
cepted by vegetation. This may be evaporated more effi-
ciently than transpiration, especially from tall crops,
which are aerodynamically rough (e.g. Calder, 1976, 1977,
1990; Dolman et al., 1988). Intercepted water represents a
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significant loss of water not available to plants.Water inter-
cepted by the vegetation that is not re-evaporated immedi-
ately may be redistributed unevenly over the ground
surface by leaf drips and stemflow.

The water that does reach the surface may not be able to
infiltrate into the soil immediately, collecting in small pools
in localised depressions through local runoff. If there is a
significant slope to the area, then surface runoff may be
exported (or sometimes the areas will receive a net input
by runon from slightly higher land). Bare soil surfaces often
seal under the impact of raindrops, enhancing the runoff/
runonprocess.Areaswherewater collects as depression stor-
age are expected to provide enhanced infiltration into the
soil,with lesswhere there is a local topographical high point.
These small inhomogeneities are very difficult to quantify,
although Schuh et al. (1993a) showed that surface relief of
only 30mm caused significant surface redistribution on a
glacial till soil. However, Schuh et al. (1993b) showed that
it had little influence on the overall soil water budget.

Assuming that vertical flow is a sufficiently good
approximation to the actual situation in the unsaturated
zone, then the water balance of the profile from the surface
to a depth, zd (above thewater table), over some time period
can be calculated from the difference between the water
inputs and outputs. These must equal the increase in water
storage over the depth, zd:

ΔW 0,zdð Þ =
ðzd
0
Δθ zð Þdz =P−E−ΔS−R−D zdð Þ, ð24:2:1Þ

where
ΔW(0, zd) is the change inwater storage between the surface
and depth zd;

Δθ(z) is the change in volumetric soil water content at a
depth z;

P is the precipitation (including snowmelt) and irrigation
input over the same time period;

E is the total evaporation (evaporation from the soil surface,
evaporation of intercepted water and transpiration);

ΔS is the increase in water stored as interception or depres-
sion storage;

R is the net amount of surface runoff from the area (runoff
less runon) and

D(zd) is the amount of drainage through the depth zd over
the period.
Depending on the depth, hydraulic characteristics of the

subsurface, rooting characteristics of the vegetation, depth
to groundwater and climate, this component may be posi-
tive or negative, that is, the water flux may be downwards
or upwards. Where it is upwards, flow may be partially or
predominantly via plant roots.

24.3 Water Balance of a Plot

A fairly large number of studies have been conducted on
small plots, which are assumed to be representative of a
wider area. Where the underlying material is reasonably
homogeneous, this is probably a good assumption, but it
should always be borne in mind that spatial variability
operates at many scales and that there will be differences
from one place to another. Farmers are aware of such differ-
ences and the growing importance of precision agriculture
reflects this, with micro-surveys of soil fertility, GPS-
linked machinery allowing metre-scale yield recording
and adjustment of fertiliser and pesticide applications to
match. This would be expected to be reflected in crop water
use and hence soil water balances.

24.3.1 Precipitation and irrigation input

Accuratemeasurement of rainfall is not as easy as it may at
first appear, particularly in areas of significant relief or at
high wind speeds. In most areas of the world, the standard
method for rainfall measurement usually involves a rain
gaugemounted such that its mouth is some distance (about
0.3–1.5m) above the ground surface. It is generally accepted
(Rodda, 1967) that this leads to an under-recording of rain-
fall because of acceleration of the airflow as it passes over
the mouth of the gauge, as illustrated in Fig. 24.2. In very
exposed locations, this can lead to an underestimate of rain-
fall by up to 50% (Rodda, 1967).

A rain gaugemounted on a post above the ground suffers
from the same problem, owing to the solid body of the
gauge. Several solutions have been proposed, including
wind shields, but the simplest, and probablymost effective,

Fig. 24.1 Water balance of soil profile on fairly level land.
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is to mount the gauge so that its mouth is at ground level.
To prevent water splashing into the gauge, it must be sur-
rounded by a shallow pit. To eliminate disturbance to the
airflow caused by the cavity formed around the gauge,
the pit is covered by an openmetal or plastic grid, as shown
in Fig. 24.3.

Input from overhead irrigation can bemeasured by using
small rain gauges placed around the field. A correction for
aerodynamic effectsmay be necessary, but usually this type
of irrigation is not used when it is very windy to avoid loss
of water. Metering of the water input to the nozzles will
also provide a check. Surface or subsurface irrigation is
more difficult to measure. With flooding or border irriga-
tion, the total water input to the irrigated area may be
metered. However, there is usually considerablymore infil-
tration close to thewater source than at the other end of the
field. Measurement of water storage in the profile at a num-
ber of points over the area immediately before application
and after the water has infiltrated should allow the input to
be estimated satisfactorily.

Drip irrigation may present more problems, as it is not
only difficult to measure on a dripper by dripper basis, par-
ticularly if the drippers are buried, but is also highly spa-
tially variable over very short distances. Average rates,
based either on measurement on a number of drippers

separately or by measuring the total water input, may have
to be used.Measurement at a large number of points around
drippers to sample the infiltration pattern adequately is
also needed.

Input from snowfall poses several challenges. While the
snowfall may well be evenly spread over a large area, its
subsequent driftingmeans that once it melts the actual soil
infiltration can be very uneven. With large snowpacks in
temperate continental climates, there are often complex
hydrological processes during the melting season, which
redistribute meltwater around the pack and lead to inho-
mogeneous water input to the soil. Additionally, ablation
(direct evaporation from the solid) of the snowpack means
that even if the amount of snowfall is measured correctly,
not all of the water that fell as snow appears later at the soil
surface.

Heated rain gauges are available from a number of man-
ufacturers that do, at least, allow the snowfall to be
measured.

24.3.2 Evaporation estimation

Estimation of evaporation has been studied for many years,
and a large number of equations, varying greatly in com-
plexity, have been proposed.

Evaporation pans
The simplest method is probably the evaporation pan, a
metal tank of several square metre area and several centi-
metres deep. The actual dimensions vary considerably from
one country to another, some are raised above the ground
and others are buried such that the upper level is flush with
the ground surface. They are intended to give an estimate of
open water evaporation, that is, the amount of evaporation

Fig. 24.2 Acceleration of airflow over a rain gauge, whose mouth
is above the ground surface. The closer the flow lines are, the
faster the wind speed (exaggerated).

Fig. 24.3 Rain gauge in a pit covered with an open grid to allow
rain to fall throughwhile not disturbing airflow across the ground
surface.
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which would occur from an extensive area of open, fresh
water in that location. In practice, measurements from
pans are subject to many errors as a result of aerodynamic
disturbance and interception of solar radiation by their
metal parts. Nevertheless, they do respond to weather con-
ditions that control evaporation from the ground surface
and vegetation growing on it. In the absence ofmore sophis-
ticated estimates, an empirical relation between evapora-
tion from a pan and that from a well-watered crop at the
same location (usually called reference crop evaporation)
may be obtained. If high accuracy is not necessary, then this
may be adequate.Where the crop starts to suffer fromwater
stress or dies off, actual evaporation falls below the refer-
ence evaporation, sometimes well below.

Evaporation equations
The wide availability of meteorological data may enable an
alternativemethod for estimation of evaporation using this
source. Thornthwaite (1948) and Blaney and Criddle (1950)
both used temperature data alone to give an estimate of
monthly evaporation.Thornthwaite’s equation is

ET = 16
L

360

� �
10Ta

I

� �α

, ð24:3:1Þ

where
ET is the average potential evaporation for a month in

mmd−1;
Ta is the average daily temperature in �C for the month (0 if

Ta is negative);
L is the average day length in hours for the month;
α = 6.75 × 10−7I3 – 7.71 × 10−5I2 + 1.792 × 10−2 I + 0.49239,

and

I =
Xi=12

i=1
Tai=5ð Þ1:514 is a heat index calculated from the

12 monthly mean temperatures, Tai.
Blaney and Criddle’s formula is

ET =Cu
L
24

� �
0:46T + 8ð Þ, ð24:3:2Þ

where
Cu is called a consumptive use factor and
T is mean daily temperature.

The main driver of evaporation, however, is solar radia-
tion and temperature data is clearly linked to that. Penman
(1948) developed awidely used equation based on a physical
understanding of the evaporation process with some empir-
ical constants. His equation is

ET =
ΔRn + γf uð Þ es−eð Þ

λv Δ+ γð Þ , ð24:3:3Þ

where
Rn is net radiation (i.e. the difference between incoming

radiation – direct sunlight, diffuse radiation from the
sky and reflected radiation from clouds – and outgoing
radiation, that reflected and radiated from the surface);

f(u) is a function of wind speed (there are several different
versions of this in use);

es is the saturated vapour pressure at the ambient air
temperature;

e is the actual water vapour pressure;
Δ is the slope of the saturation vapour pressure curve at the
ambient air temperature;

γ is the psychrometric constant (~66 Pa�C−1), and
λv is the latent heat of vaporisation of water.

The Penman equation shows that the potential evapora-
tion is composed of two parts. The first is dependent on
radiant energy; the second is a consequence of airflow
and the difference in vapour pressure between the water
on the evaporating surface (es) and that in the air (e). Pen-
man recognised that net radiation is difficult to measure
and so proposed ameans of estimating it based on the actual
compared with the theoretical maximum number of sun-
shine hours on a particular day. Sunshine hours is a much
more commonly available measurement. This produced
both an estimate of direct radiation and cloudiness, from
which radiation reflected off clouds could be estimated.
Using sunshine hours, the formula is usually reckoned to
give a reasonably accurate measure when averaged over
about 10 days, whereas Equation 24.3.3 should be accurate
on a daily basis.

The Penman equation assumes that the crop is short
(strictly speaking a well-mown lawn) and well supplied
with water. It therefore estimates the maximum rate at
which such a crop can transpire. Taller crops are usually
aerodynamically rougher and so present less resistance to
water vapour transfer from the leaves to the atmosphere.
On the other hand, water vapour must find its way out of
the leaf stomata before it can be transported into the bulk
atmosphere. When the crop is under water or other stress,
the stomata close and make this transfer more difficult.
Monteith (1965) modified the original Penman equation
to produce what is now usually called the Penman–
Monteith equation. Monteith introduced a soil heat flux
term, G, to take into account heat conducted into the
ground and two conductance terms. An atmospheric con-
ductance, ga, represents the ease with which water vapour
is transported away from the crop into the atmosphere.
A surface conductance, gs, is an integration of all the indi-
vidual stomatal conductances. These two conductances
were implicitly embedded into the empirical f(u) term of
the Penman equation. The Penman–Monteith equation is

E =
Δ Rn−Gð Þ + ρacp es−eð Þga

λv Δ+ γ 1 + ga
gs

� �� � , ð24:3:4Þ

Where
E is the actual evaporation;
ρa is the density of dry air, and
cp is the specific heat of dry air at constant pressure.

Given estimates of ga and gs, the Penman–Monteith
equation allows actual, as opposed to potential,
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evaporation to be calculated. This is much less easy than it
sounds, and in practice, empirical crop coefficients are used
quite commonly.

A common simplification of the Penman/Penman–
Monteith formulae was devised by Priestley and Taylor
(1972). They observed that the second (aerodynamic) term
in the numerator of these equations was often close to 0.26
of the first (radiation) term for a short crop not under stress.
They therefore proposed simplifying Equation 24.3.3 to

ET = α
Δ

Δ + γ
Rn, ð24:3:5Þ

with α = 1.26.Wherewater is limiting, an estimate of actual
evaporation, E, can be made by using a smaller value for α.

Bare soil evaporation can be treated within the same
framework as described for cropped soil above, with appro-
priate adjustments to parameters to take into account the
different reflection coefficient (albedo) of soil and its more
rapid reduction in evaporation rate as it dries out. Some
authors refer to bare soil evaporation as simply ‘evapora-
tion’, distinguishing it from that from vegetation as transpi-
ration. The composite term ‘evapotranspiration’ can be
used to combine the two. Terminology is sometimes con-
fusing and it is best to be explicit about what is referred
to. A further complication is water intercepted by the veg-
etation canopy. Because its evaporation does not require
the intervention of stomata, this is usually evaporated
more efficiently than transpiration, particularly in tall
crops in which ga is small. For short crops, it is rare to dis-
tinguish between the two, which probably reflectsmore the
difficulty inmeasuring interception for such crops than the
difference in rate of evaporation.

This section can only scratch the surface of what is an
inherently complex subject. For more detail on making
and using evaporation estimates, the publication by Allen
et al. (1998) is highly recommended. There are also several
good texts explaining the basics of evaporation.

Micrometeorological evaporation measurement
Atmosphericmeasurements above the surface can give reli-
able measurements of evaporation from a fairly large area
upwind of the instrumentation location. The size of the
area depends on the height of the instruments above the
canopy surface but is typically a few times this height.
Two methods are in common use – the eddy correlation
method and the Bowen ratio. In bothmethods, it is assumed
implicitly that transport of water vapour is in a vertical
direction, although in reality it is being carried horizontally
by the wind. This is valid so long as there is no significant
inhomogeneity in the area contributing to the measure-
ments, or fetch.

Eddy correlation This method, sometimes called eddy
covariance, depends on an assumption that all water
vapour transport is through turbulence. When fluid flow
is above a critical speed, laminar flow no longer occurs

and the airflow breaks up mainly into rotating ‘eddies’,
such as occurs whenwater is let out of a bath. In the atmos-
phere, these have a large variety of sizes and hence rotation
periods. Entities, such as heat and water vapour, are
exchanged between eddies, such that if there is a source
of either at the surface, it is transported away from it more
or less in an upward direction, ignoring the horizontal aver-
age movement of the air. The situation is shown diagram-
matically in Fig. 24.4.

The air is shown rotating over the surface. At a point
above the surface, the instantaneous vertical component
of airflow at a time t1 is w1 and the concentration of water
vapour is C1. A short time later, t2, the flow at that point
may have reversed and the vertical component of airflow
andwater vapour concentration arew2 andC2. The vertical
transport of water vapour at t1 is, therefore,w1C1 and at t2 it
is w2C2. More generally, the instantaneous vertical flux, F,
is given by

F tð Þ =w tð ÞC tð Þ: ð24:3:6Þ

The instantaneous flux alternates between upward and
downward movements at a wide range of frequencies up
to about 40Hz. Sampling of this requires fast-response
anemometers and humidity sensors. Air velocity is usually
measured by the difference in time taken for a pulse of

Fig. 24.4 Turbulent flow above an evaporating crop.
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ultrasound to travel from one transducer to another and
in the reverse direction. The time, τ+, taken to travel a dis-
tance, d, from one transducer to another in the direction of
the airflow will be

τ + =
d

c +w
, ð24:3:7Þ

where c is the velocity of sound. The time, τ−, to travel in
the opposite direction is

τ− =
d

c−w
: ð24:3:8Þ

So the air speed is

w =
d
2

1
τ +

−
1
τ−

� �
: ð24:3:9Þ

Measurement of water vapour concentration is usually
by means of an infrared hygrometer, which measures the
absorption of infrared light in a particular waveband by
water vapour.

Knowing w(t) and C(t), the average flux of water vapour,
�F (usually made over several minutes), is given by

�F =

ðt2
t1
w tð Þc tð Þdt
t2−t1

: ð24:3:10Þ

This is a very simplified description of the eddy correla-
tion method. The equipment is expensive, but the method
is also applicable to measurement of fluxes of heat, carbon
dioxide, methane and other gases.

The Bowen ratio method Like the equations used to cal-
culate evaporation described earlier, the Bowen ratio
method calculates the energy used to evaporate water from
the energy balance of the evaporating surface.

The net radiant energy, Rn, is converted into the energy
needed to evaporate water, λvE, that convected into the
atmosphere as sensible heat, H, and that conducted into
the ground, G:

Rn = λvE +H +G: ð24:3:11Þ

Here
λv is the latent heat of evaporation of water and
E is the evaporation rate.

In Equation 24.3.11, all terms on the right-hand side
are positive directed away from the soil surface, so the
equation merely states that the net amount of radiant
energy received by the soil and vegetation is balanced by
evaporation, heating of the atmosphere and the soil. Meas-
urement of Rn can be accomplished by radiometers and G
by heat flux plates, so that the sum of λvE and H can be
calculated.

The Bowen ratio, B, is the ratio between these two,
that is,

B =
H
λvE

: ð24:3:12Þ

So if we knew the Bowen ratio andmeasuredRn andG, E
and H could be calculated separately.

Calculating B relies on assuming that transport of both
heat and water vapour into the atmosphere is by an identi-
cal process, turbulent exchange. One is dependent on a gra-
dient of temperature, T, and the other on a gradient of
vapour pressure, e. The parameter controlling the transport
of each one to the appropriate gradient should be the same.
To ensure that the units are compatible, we can write

λvE= −
ρcp
γ

Kv
∂e
∂z

, ð24:3:13Þ

and

H = −ρcpKH
∂T
∂z

, ð24:3:14Þ

where Kv and KH are the transport coefficients for vapour
and sensible heat, which are assumed to be equal. Then

B= γ
∂T=∂z
∂e=∂z

� �
: ð24:3:15Þ

The gradients can either be estimated from measure-
ments of T and e at a number of heights or, more conven-
iently, by measurement of each at two different heights,
so that B can be calculated from the differences

B= γ
ΔT
Δe

: ð24:3:16Þ

Combining Equations 24.3.11, 24.3.12 and 24.3.16,
we get

E =
Rn−G

λv 1 + γΔTΔe
� � : ð24:3:17Þ

Once again, this has been simplified to emphasise the
principles. Further information on micrometeorological
methods is available in a number of books on the subject.

24.3.3 Runoff/runon estimation

Localised (i.e. within a plot) runoff and runon is very diffi-
cult to measure, being very short range, perhaps only a
metre or two, and of small quantities. Observation on the
ground during and immediately after a rainfall may allow
storage in small depressions to be estimated, which will
give some indication of the importance of the mechanism,
although, since infiltration occurs simultaneously, it is
likely to be an underestimate.
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Where there is a more general slope, runoff can be meas-
ured rather better, although high accuracy is not easy to
attain. A small trench running at right angles to the slope
will intercept water running down it. This can be collected
and measured as shown in Fig. 24.5.

The water is directed into a length of guttering, of the
kind used on house roofs, lying in the bottom of the
trench, by a plastic sheet, dug about 50–100mm into the
soil on the upslope side of the trench and extending well
into the gutter. The gutter should slope slightly, so that
water runs to one end. This allows it to be collected in a
small tank or measured by a tipping bucket flowmeter.
A small shelter set just above the trench prevents direct
input of precipitation. Gravel in the gutter keeps the plas-
tic sheet in place and helps to prevent blocking by debris.
The length of trench is determined by local conditions, but
as a guide, 1 L of water from a 1-m-long trench represents
1mmm−1 of upslope length. For instance, if there is 10m
of slope above the trench, then 1mm of average runoff
would yield 10 L of water. Collection may, therefore, be
infrequent, but under conditions of heavy rainfall, a large
amount of water may need to be accommodated in a short
space of time.

To avoid biasing the results, runoff should not be col-
lected from the upslope side of an experimental plot, but
towards the side. An arrangement as shown in Fig. 24.6 is
suggested. The two upslope trenches collect water running
from the upslope side, placed a little way on either side of
the plot, to avoid water that might have run onto the plot
being intercepted. There is no problem with collecting
water running off the plot from directly below it, as this
does not affect measurements upslope of the collection
point. Then the net runoff can be estimated as

Roff netð Þ=Roff−Ron, ð24:3:18Þ

where
Ron is the water running onto the plot, estimated from the

upslope trenches, and
Roff is the water running off the plot, estimated from the

downslope trench directly below the plot.
Topographic effects are likely to focus flow in different

ways, and so every effort should be made to estimate the
collection area of the trenches. This is difficult to do accu-
rately, and so the net runoff figure is likely to have consid-
erable uncertainty.

24.3.4 Water balance calculations

Having estimates of all but one of the terms in
Equation 24.2.1 enables the other one to be calculated by
difference. Usually, we know or have a reasonable estimate
of P, ΔS, R and ΔW. A good estimate ofD, therefore, allows
E to be calculated. Alternatively, knowing E allowsD to be
determined. In a flat area, runoff, R, may be assumed zero
on a permeable soil, and if the period of calculation runs
from one dry period to another, the depression storage,
ΔS, may also be assumed zero. In many cases, particularly
on smooth and/or permeable surfaces, it is probably
negligible.

On more impermeable, sloping or rough soil surfaces,
these assumptions may not be warranted and observation
of what actually happens during rainstorms is required.
In forests and other tall vegetated areas, redistribution of
precipitation by leaf canopies and stemflow may be impor-
tant, which will require considerable replication of instru-
ments to ensure that the water balance of the plot is
properly sampled.

The limitations of the crude water balance method, as
described here, mean that if there is a small difference
between precipitation and evaporation or there is signifi-
cant uncertainty due to runoff or redistribution of precipi-
tation, then the balance term, drainage, will be very poorly
estimated (e.g. Gee & Hillel, 1988; Scanlon et al., 2002a,
b, 2006).

24.3.5 Seasonal changes to soil profile water balance

Figure 24.7 shows the changes occurring in a typical soil
profile as the seasons progress:
• In the late wet season or late winter to early spring in a
temperate climate, there is likely to be downward flow
throughout the profile, as evaporation rates are usually
lower than rainfall, or there may be a large contribution
from snowmelt. There is a steady and positive water flux
throughout the profile, as shown by the curve q(ta), which
is associated with high water potentials, ψh(ta), and a

Fig. 24.5 Runoff collector.

Fig. 24.6 Arrangement of collection trenches to estimate runon
and runoff from an experimental plot.
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hydraulic potential gradient close to unity (i.e. almost
entirely due to gravity). Water content, θ(ta), is also high
throughout.
• Later on, as crops grow and evaporation rates begin to
exceed rainfall, upward flow in the upper part of the profile
starts to occur, while further below, downward flow con-
tinues at a slightly reduced rate. This is shown by curve
q(tb) and the associated water potential profile, ψh(tb). Note
that the hydraulic gradient near the top of the profile is now
reversed, in keeping with the reversed water flux. At the
depth where the flux changes from upwards to downwards,
the flux, and therefore the potential gradient, is zero. This
depth is termed a zero flux plane (ZFP).Water content starts
to reduce from the top down θ(tb).
• Later still, as the growing season progresses, often a dry
season or summer, the zone of upward flux expands down-
wards and the ZFP becomes deeper. Drainage flux, q(tc),
from below the ZFP reduces as there is less supply from
above and both hydraulic potential, ψh(tc), and water con-
tent, θ(tc), falls throughout. Some drainage continues if
thewater table is sufficiently deep. If thewater table is shal-
low, however, the ZFP may reach it and upward flow from
groundwater may occur throughout the profile. In some
situations, this is an important source of water for
vegetation.
• At the end of the growing season or onset of wet weather,
when rainfall exceeds evaporation, the profile starts to wet
up, normally from the top down. In the early part of this
period, this does not affect the ZFP and upward movement

of water continues from above it, with slow drainage con-
tinuing beneath. The upward-moving water meets the
water moving downwards, so that there is, in fact, another
ZFP where the fluxes converge. The water flux in this sit-
uation is shown by q(td) and the associated potential and
water content profiles by ψh(td) and θ(td).
• Eventually, the downward-moving convergent ZFP
meets the deeper divergent ZFP to establish through drain-
age again. Initially, drainage at the base of the profile
remains small, as depicted by q(te), ψh(te) and θ(te), but even-
tually, the wetting front reaches this depth and conditions
return to those at the start of the cycle.

Some of the methods described in the following exploit
these variations over the year, for instance, when either
drainage or evaporation is low, even a relatively large pro-
portional error has only a small effect on the overall annual
water balance.

The course of events described has applicability in a
wide range of climates, but not all. For instance, where
the main growing season (and so that of highest evapora-
tion) coincides with the wettest part of the year, there
may be through drainage through most of the year and
methodology needs to be adapted to this. Equally, in some
areas, preferential flow caused, for instance, by water-
repellent soil or deep cracks in vertisols can allow a large
proportion of rainwater to bypass the upper part of the soil
(e.g. Hodnett & Bell, 1986), which wets up from both the
bottom of the cracks and the surface. If, as is often the case,
preferential flow is confined to the upper part (perhaps 1m)

Fig. 24.7 Evolution of the water balance of a soil profile over the course of a year. ZFP positions, where the gradient with depth is zero, are
indicated on the hydraulic potential graphs by horizontal lines. (See insert for colour representation of the figure.)
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of the soil profile, then the course of events as described pre-
viously will still be a correct description, except for the
early part of the wetting-up period (td).

24.3.6 Darcy’s law solutions

Much of the work done on using Darcy’s law to calculate
soil water fluxes was described in Section 23.2. To convert
the flux someasured into a soil water balance, the fluxmust
be integrated over time to give a total quantity of water.

The difficulties with such measurements are:
• Spatial variability. Water content and water potential are
well known to vary over short distances. This is expected to
apply also to hydraulic conductivity, which is highly sensi-
tive to soil texture, structure, water content and potential.
• Large range of hydraulic conductivity. The hydraulic
conductivity ofmost soils varies over several orders ofmag-
nitude within the range of water status experienced over
a year. A small change in either water content or matric
potential, therefore, can mean a large change in hydraulic
conductivity. Typical accuracies of measurement are 0.01
for water content and 20mm water for water potential.
For a ‘typical’ loam soil, this corresponds to a change of
10 times(!) and 6%, respectively. For coarse-textured soils,
the changes would be greater and less for finer-textured
soils.

• Hysteresis. Normally, hydraulic conductivity is meas-
ured only on one branch of the soil water characteristic
and not always on a primary draining or wetting curve. Soil
under normal field conditions undergoes many reversals
between wetting and drying, and so tracking the appropri-
ate point on the hysteresis curves is very difficult, even if
the appropriate functions were known.
• Difference in conditions between measurement and use.
Hydraulic conductivity may be measured on small cores in
the laboratory or in the field, either on the same plot with
the same instruments or on an adjacent one. The technique
involves infiltrating water into the soil under rather artifi-
cial conditions, which may well introduce artefacts into
the data obtained, caused by temperature differences, air
entrapment, chemical differences between the water used
and the natural soil solution, etc.

Several attempts to use Darcy’s law to estimate water
flux in the field were described in Section 23.2. Few of them
had an independent check on the accuracy of the results.
Generally speaking, the results were plausible, and where
there was an independent check, the agreement was better
than might be expected from the discussion earlier.

Cooper (1979) measured hydraulic conductivity on a
deep volcanic soil in western Kenya. He used the results
to calculate accumulated water flux by Darcy’s law and
compared this with accumulated drainage on a nearby plot
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obtained using the ZFP method (see Section 24.3.7). The
results differed by a factor of four (see Section 18.3.5). In
another experiment on a chalk site in southern England,
Cooper (1985) compared the Darcy’s law solution, obtained
using the measured hydraulic conductivity at several
depths, with the accumulated flux over a year estimated
by the ZFP method, on the same plot with the same instru-
ments. In both cases, the hydraulic conductivity was meas-
ured using the method of Poulovassilis et al. (1974)
(Section 18.3.5), water content was measured by neutron
probe and water potential by mercury manometer tensi-
ometers. The latter results (Fig. 24.8) show a highly variable
set of estimates depending on which particular depth the
Darcy’s law calculations were made at. For all depths, the
Darcy’s law estimates overestimated measured drainage
over a year, ranging from 15 to 266%, and in the latter case
exceeding the annual rainfall.

Calculated accumulated drainage flux, using Darcy’s
law estimates at the deeper depths, agrees reasonably with
the measured drainage, while that from curves measured
nearer the surface, but still well below the root zone, seri-
ously overestimates it. Most flow occurred during times
when the matric potential was above −0.3m water
(Jones & Cooper, 1998). Typical hydraulic conductivity
relationships with matric potential are shown in Fig. 18.9
(Section 18.3.5), fromwhich it can be seen that the relation-
ship is extremely steep in this region. Note the logarithmic
scale of hydraulic conductivity. This means that an overes-
timate ofmatric potential (i.e. less negative) is likely to lead
to a much larger increase in calculated hydraulic conduc-
tivity than an underestimate would yield a decrease. There
is, therefore, an inherent bias towards overestimation. Soil
water storage capacity at this site below 1.5m depth was
very small, and so annual totals of drainagewould vary only
insignificantly with depth. The fairly consistent relation-
ship of overestimation with depth has not been explained.

24.3.7 The ZFP method

The difficulty in measuring hydraulic conductivity relia-
bly, the generally poor accuracy of Darcy’s law solutions
formeasuring soil water flux and the difficulties in estimat-
ing or measuring evaporation make a method to estimate
drainage that does not depend on detailed knowledge of soil
hydraulic properties or on meteorological estimates attrac-
tive. This is important in areas where annual rainfall and
evaporation differ by a small amount, and so recharge to
water supply aquifers is very sensitive to both of these
quantities. The ZFP method can supply this information,
at least for part of the year. It was first used by Richards
et al. (1956) to measure hydraulic conductivity of a bare
plot. De Boodt et al. (1967), Arya et al. (1975a) and others
subsequently employed the method for measurement of
hydraulic conductivity to extend the range of water status
that can be achieved by free drainage (instantaneous profile
method, Section 18.3.1) alone.

Giesel et al. (1970) and Renger et al. (1970) adopted the
method to calculate drainage from beneath a growing crop.

Sincethen, therehavebeenmanyusesof themethod,mainly
forwater balancemeasurement but also formeasurement of
unsaturated hydraulic conductivity. An attractive feature is
that both the water balance of the soil profile and the unsat-
urated hydraulic conductivity can be measured simultane-
ously (e.g. Cooper et al., 1990; Hodnett & Bell, 1986).

Theory of the method
For periods when total evaporation exceeds rainfall, the
water balance of the profile over a deep water table is
expected to be as shown in Fig. 24.9. This corresponds to
times tb to td in the discussion of Section 24.3.4 and
Fig. 24.7. Water moves upwards from some distance below
and within the root zone towards the soil surface. In the
root zone, the proportion of upward flow in plant roots
increases towards the soil surface and becomes transpira-
tion. The remainder of the upward moving water evapo-
rates directly from the surface. Where the surface is well
covered by vegetation, virtually all evaporation is expected
to be in the form of transpiration via plant roots. Deeper in
the profile, water flow is downwards as drainage towards
the water table. At the depth where water flow changes
frommoving upwards to downwards, the water flux is zero,
giving this the name of the ZFP. Theremay be some periods
during this time, after heavy rainfall, when through drain-
age from the surface to the water table occurs and over-
comes the ZFP for a short time. This is more likely to
happen during the early dry season or spring, when there
is only a small deficit to overcome.

If we know the depth of the ZFP, then it is easy to par-
tition the change in total water storage in the profile. Water
above the ZFP is moving upwards and therefore any loss
becomes evaporation, either as transpiration or soil surface
evaporation. Water stored below the ZFP is all moving
downwards and any loss drains out through the lowest
observation depth. The ZFP depth is quite easy to identify,
since from Darcy’s law

q= −K
∂ψ

∂z
: ð24:3:19Þ

So, when ∂ψ=∂z is zero, the water flux must also be zero.
If we identify ψ with the hydraulic potential, ψh, then the
potential profile can be measured with tensiometers and
the point at which the hydraulic gradient becomes zero
can be found. This is illustrated in Fig. 24.9, together with
the variation of water flux with depth as well as the change
in water storage partitioned between evaporation and
drainage.

The ZFP technique, therefore, allows Equation 24.2.1 to
be split into two equations, representing the profile above
and below the ZFP:

ΔW 0,z0ð Þ =
ðz0
0
Δθ zð Þdz =P−E−ΔS−R, ð24:3:20Þ

and
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ΔW z0,zdð Þ=
ðzd
z0
Δθ zð Þdz= −D zdð Þ: ð24:3:21Þ

We expectΔW(z0, zd) to be negative, that is, a decrease in
storage, leading to a positive value for drainage. ΔW(0, z0),
however, may increase if precipitation, irrigation input and
net runon in any period exceed the evaporation. Provided
that these are not large enough to destroy the ZFP and
establish drainage throughout the profile, this does not
affect the estimate of drainage.

A complication arises because, as shown in Fig. 24.9, the
ZFP usually gets deeper in the profile over time, as water in
the upper part of the profile is depleted. To ensure compa-
rability of the depth of profile measured, a correction must
be applied for the change in depth of the ZFP and hence the
amount of soil water taken into account. Stammers et al.
(1973) showed that this modifies Equation 24.3.21 to

D zdð Þ=
ðzd
z0 t1ð Þ

θ t1ð Þdz−
ðzd
z0 t2ð Þ

θ t2ð Þdz−
ðz0 t2ð Þ

z0 t1ð Þ
θ z0ð Þdz,

ð24:3:22Þ

where
ðz0 t2ð Þ

z0 t1ð Þ
θ z0ð Þdz is the water content at the depth of the

ZFP at the time when the ZFP passes that depth. In prac-
tice, the equation is usually applied to compute drainage
between observation occasions, and so the actual values
of θ(z0) between those occasions are not known. This term
is usually approximated, therefore, as the average value of θ
at times t1 and t2, �θ zð Þ. This gives for D(zd)

D zdð Þ≈
ðzd
z0 t1ð Þ

θ t1ð Þdz−
ðzd
z0 t2ð Þ

θ t2ð Þdz−
ðz0 t2ð Þ

z0 t1ð Þ
�θ zð Þdz,

ð24:3:23Þ
and similarly

E≈
ðz0 t1ð Þ

0
θ t1ð Þdz−

ðz0 t2ð Þ

0
θ t2ð Þdz +

ðz0 t2ð Þ

z0 t1ð Þ
�θ zð Þdz +P−ΔS−R:

ð24:3:24Þ

The third term on the right-hand side of
Equations 24.3.22–24.3.24 provides the correction to

Fig. 24.9 Principle of the ZFP method. Cooper et al. (2015). Reproduced with permission of John Wiley & Sons.
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ensure that water content change is integrated over the
same depth of profile. It is illustrated by the line separating
the change in the water storage contributing to evaporation
and that to drainage in the right-hand portion of Fig. 24.9.

There are several assumptions involved in the ZFP
method. The principal ones are:
• Vertical flow predominates and there is no significant
horizontal flow, for example, throughflow or interflow.
• Infiltrating water does not bypass the ZFP by preferential
flow, leading to an increase in water content beneath the
ZFP. Preferential flow above the ZFP does not affect the
estimates, however.
• There are no water sinks, that is, root extraction, below
the ZFP. All water movement beneath the ZFP is
downwards.

In the case of deep-rooted perennial crops (e.g. forests,
tea or coffee plantations), the last assumption may not be
strictly fulfilled. However, root density usually declines
rapidly with depth, so that the majority of roots is usually
well above the ZFP. Also, by definition, the ZFP is at the
position of lowest hydraulic potential, so that it becomes
increasingly difficult for plants to extract water from below
the ZFP. The combination of these two makes it unlikely
that a significant amount ofwater is extracted by roots from
beneath the ZFP, compared with that from above it, partic-
ularly since water extraction above the ZFP drives the ZFP
downwards. Good agreement between evaporation esti-
mated by this method and other estimates of evaporation
supports this (see the following text). This is not conclusive
evidence, since drainage from the profile is usually much
smaller than evaporation under these conditions and a
small error in evaporation may not be apparent.

Practical implementation of the method
Reported uses of the ZFP method have mostly employed
neutron probes for water content measurement and con-
ventional tensiometers for water potential (Table 24.1),
although others have relied on water content measure-
ments and a laboratory-measured soil water characteristic
curve to infer water potential, gypsum resistance blocks or
pressure transducer tensiometers. Water content has, alter-
natively, been measured by gamma ray transmission, grav-
imetric sampling or dielectric devices. Water content has
also been inferred from water potential measurements.

In most cases, it is difficult to assess the success of using
indirect measurement of water potential or water content
via a laboratory-measured soil water characteristic curve,
either because there is no adequate water balance compar-
ison or because drainage from the soil profile turns out to be
very small and so makes little difference to the overall soil
water balance. It is strongly recommended tomeasure both
water content and water potential independently.

Because of the large number of studies using water con-
tent measurements by neutron probe, there are almost no
instances where the ZFPmethod has been employed to pro-
duce water balancemeasurements over time periods of less
than several days. This is partly a consequence of the need

to make manual measurements with a neutron probe, and
hence the logistics of collecting more frequent data are dif-
ficult, and partly because of the inherent inaccuracy of the
neutron probe (see Sections 7.5 and 7.9.2), whichmakes the
resolution of small water content changes difficult.

Alternative means of identifying the ZFP depth
The development of a ZFP is associated with drying of the
soil from the surface downwards, either from surface evap-
oration or root extraction of water. It might, therefore, be
expected to be associated with a drying front penetrating
the soil progressively from the surface. Cooper (1974) sug-
gested that it might be possible to identify a critical water
content level, akin to field capacity, at whichwater content
started to be reduced by evaporative processes rather than
drainage. He found, however, by studying water content v
time curves, that there was considerable uncertainty in the
critical water content and hence in the water balance.
McGowan and Williams (1980) tried to identify the ZFP
position with the time that depletion of water content
accelerated at any particular depth. The ZFP as determined
by tensiometers was slightly deeper. This method was used
byGardner (1990) to identify ZFPs in the absence of reliable
tensiometer data. Also, McGowan (1974) showed that the
ZFP depth for a wheat crop was closely correlated with
the time at which the advancing root front reached that
depth, although this is applicable only for an annual crop
with an extending root system.

Water balance when no ZFP can be identified
In almost any situation, a ZFP is an ephemeral phenome-
non, although in climates where there is a short wet season
or where annual potential evaporation is close to or exceeds
annual rainfall, it may be persistent throughoutmost of the
growing season or even a large part of the year. Under these
circumstances, the ZFP method is applicable during the
time whenmost of the annual evaporation occurs. To com-
plete an annual water balance, however, a reliablemeans to
estimate the water balance components during the whole
year is necessary. For those times when no ZFP can be iden-
tified and water flow is directed throughout the profile,
either downwards from the surface or upwards from a shal-
low water table, an alternative method is needed. This is
usually during a wet season or during winter in temperate
climates. Even when a ZFP has become established, it can
sometimes be destroyed bywater infiltrating the profile fol-
lowing a heavy rainstorm or period of wet weather, before it
is re-established.

Water content changes can still be measured, and so an
estimate of either evaporation or drainage allows the other
component to be determined.

Evaporation can be estimated by one of the methods
described in Section 24.3.2 or by means of a lysimeter
(van Bavel et al., 1968) (see following section). Ehlers and
van der Ploeg (1976) assumed a rate of 1mmd−1, while
Dreiss and Anderson (1985) assumed zero evaporation; sev-
eral others used a meteorological estimate of evaporation,
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Table 24.1 Past uses of the ZFP method

Authors Water content Water potential Purpose Non-ZFP period

Richards et al. (1956) Gravimetric Tensiometers Unsaturated K Not applicable
De Boodt et al. (1967) Neutron probe Tensiometers Unsaturated K Not applicable
Giesel et al. (1970) Gamma

absorption
Tensiometers Water balance,

unsaturated K
Darcy’s law drainage

Renger et al. (1970) Gamma
absorption

Tensiometers Water balance,
unsaturated K

Darcy’s law drainage

Daian and Vachaud
(1971)

Neutron probe Scanivalve PTs Water balance Estimated evaporation

Daian and Vachaud
(1972)

Neutron probe Tensiometers Water balance Estimated evaporation

Stammers et al. (1973) Neutron probe Neutron probe Water balance Not clear
Royer and Vachaud
(1974)

Neutron probe Scanivalve PTs Water balance Not clear

Arya et al. (1975a) Tensiometers Tensiometers Unsaturated K Not applicable
Ehlers and van der
Ploeg (1976)

Gravimetric Tensiometers Water balance,
unsaturated K

Assume 1mmd−1 evaporation

Cooper (1979) Neutron probe Tensiometers Water balance Not applicable
Cooper (1980) Neutron probe Tensiometers Water balance Estimated evaporation
Wellings and Bell
(1980)

Neutron probe Tensiometers Water and solute balance Penman

Kreutzer et al. (1980) Gamma
absorption

Tensiometers Water balance Darcy’s law

McGowan and
Williams (1980)

Neutron probe Tensiometers Water balance ET

Wellings and Cooper
(1983)

Neutron probe Tensiometers Water balance ET

Wellings (1984a) Neutron probe Tensiometers Water balance Penman
Wellings (1984b) Neutron probe Tensiometers Solute balance Penman
Sadeghi et al. (1984) Tensiometers Tensiometers Evaporation Not applicable
Cooper (1985) Neutron probe Tensiometers Water balance Estimated evaporation
Dreiss and Anderson
(1985)

Neutron probe/
tensiometers

Tensiometers Water balance Darcy’s law for saturated conditions,
otherwise zero drainage

Hodnett and Bell
(1986)

Neutron probe Tensiometers Water balance Drainage estimated from baseflow

Rab et al. (1987) Neutron probe Tensiometers Unsaturated K Not applicable
Gardner et al. (1990) Neutron probe Tensiometers Water balance Estimated evaporation
Cooper et al. (1990) Neutron probe Tensiometers Water balance,

unsaturated K
Estimated evaporation

Hodnett and Bell
(1990)

Neutron probe Tensiometers Water balance,
unsaturated K

Estimated evaporation

Villegas and Morris
(1990)

None Tensiometers ZFP depth as indicator of
deep drainage

Not applicable

Payne et al. (1990) Neutron probe Tensiometers Water balance Not applicable
Gardner (1990) Neutron probe Tensiometers/

neutron probe
Water balance Estimated evaporation

Sharma et al. (1991) Neutron probe Neutron probe Water balance Darcy’s law/unit gradient
Kirsch (1993) Neutron probe Tensiometers Evaporation

measurement
None

Kengni et al. (1994) Neutron probe Tensiometers Unsaturated K Darcy’s law drainage
Román et al. (1996) Neutron probe Tensiometers Water balance Not clear
Hosty and Mulqueen
(1996)

Neutron probe Tensiometers Water balance Not clear

Tang (1996) None Tensiometers Qualitative process
identification

None

Cuenca et al. (1997b) Neutron probe Neutron probe Water balance Not applicable
Normand et al. (1997) Neutron probe Tensiometers Unsaturated K Darcy’s law drainage
Joshi et al. (1997) Neutron probe Tensiometers Water balance Not applicable
Jones and Cooper
(1998)

Neutron probe PTTs Water flux partitioning Estimated evaporation
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such as Penman ET (Section 24.3.2). Fernández-Gálvez
et al. (2007) and Wang et al. (2012) estimated evaporation
by the eddy correlation method (Section 24.3.2). Unless
the absence of a ZFP is caused by its annihilation following
heavy rainfall or irrigation during a period of strongly evap-
orative conditions, or the growing season coincides with a
wet season, evaporation is expected to be relatively small
compared with drainage from the profile during a non-
ZFP period. Under these conditions, any errors in evapora-
tion estimates should cause only a small error in the annual
total. Drainage from the profile is likely to be the larger of
the two components.

Alternatively, drainage can be estimated by an inde-
pendent means, such as porous plates (Sections 20.2.4
and 23.3.3), wick samplers (Sections 20.2.5 and 23.3.4) or
a lysimeter (Section 24.3.8). Alternatively, a Darcy’s law
solution (Sections 23.2 and 24.3.6) may be used (Giesel
et al., 1970; Renger et al., 1970; Kreutzer et al., 1980).
Hodnett and Bell (1986) estimated drainage from baseflow
in a catchment in India. Direct estimation of drainage is
usually less robust than using an estimate of evaporation,
since drainage flux when no ZFP can be identified is most
often large and so any error in its estimation is likely also to
be large.

24.3.8 Lysimeters

A lysimeter is (usually) a large container of soil from which
drainage from the base can be measured. Its water content
can normally also be measured, so that evaporation can be
calculated by difference. The term ‘lysimeter’ is sometimes
applied also to pan, vacuum andwick samplers. This is con-
fusing terminology and will not be used here.

The variety of lysimeters is very large, as also is the
range of sizes and uses to which they are put. Common
features of many lysimeters are shown in Fig. 24.10. The
principal variants are described in the following.

Repacked versus undisturbed
Repacked lysimeters Many lysimeters (probably most)
are filled with soil repacked from the native soil surround-
ing it or from the pit dug to accommodate the lysimeter in
the ground. With great care, the soil layers may be pre-
served, so that an approximation to the natural soil profile
can be reconstructed. With even greater care, the soil may
be repacked to a similar bulk density as exists in the natural
soil profile. The act of digging out the soil and repacking it,
however, destroys most of the soil structure, certainly at a
scale larger than a fewmillimetres. Over several years, this
may re-establish itself if the lysimeter is managed carefully
and the soil fauna were replaced at the time of packing, but
it is difficult, if not impossible, to check on this except, per-
haps, at the end of an experiment when the soil can be
removed.

Undisturbedmonoliths Collection of undisturbedmono-
liths is possible and was described in Section 17.1. The
largest size that has been reported is about 1.5m long
by 0.8m diameter. This is larger than many repacked
lysimeters.

‘Natural’ lysimeters Larger ‘undisturbed’ lysimeters
may be constructed in situ by isolating a block of soil.
This can be done by constructing a trench around the soil
block, using polyethylene film, sprayed on resin and/or
waterproofed concrete to isolate and support the contents
(e.g. Kitching and Bridge, 1974; Kitching et al., 1980).
Alternatively, sheet steel interlocking piling can define
an enclosed area. Mastic applied just before driving will
waterproof the interlocking clutches between the piles
(Kitching et al., 1980; Kitching & Shearer, 1982). The
main problem with such a ‘natural’ lysimeter is in ensur-
ing a watertight bottom boundary. Where a sufficiently
impermeable horizon occurs within a reasonable depth
from the ground surface, the walls of the lysimeter may

Table 24.1 (continued)

Authors Water content Water potential Purpose Non-ZFP period

Román et al. (1999) Neutron probe Tensiometers Water balance Not clear
Diez et al. (2000) Neutron probe Tensiometers Nitrate leaching Not clear
Tsujimura et al. (2001) None Tensiometers Age dating of

unsaturated zone
water

Not applicable

Mdaghri-Alaoui and
Eugster (2001)

Neutron probe PTTs Water flow direction
identification

Penman–Monteith, Primault (1962)

Kimura et al. (2004) Gravimetric Gravimetric Water balance Numerical model
Kimura et al. (2006) ML2X to 1m ML2X Water balance Not applicable
Fernández-Gálvez
et al. (2007)

ML2X and Profile
Probe

Profile Probe Water flux and water
balance

Not clear

Schwärzel et al. (2009) ML2X, TDR ML2X, TDR Water balance Not clear
Evett et al. (2012) Neutron probe Neutron probe Water balance Not applicable
Wang et al. (2012) Tensiometers Tensiometers Water balance Eddy correlation
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penetrate and be sealed into this, thereby creating a
watertight box around the isolated soil block (e.g.
Kitching & Bridge, 1974; Kitching et al., 1980). Precau-
tions may be needed to ensure that no leakage occurs
around the bottom of the lysimeter walls. Kitching and
Bridge (1974) installed their lysimeter into a layer of very
low permeability clay, but a layer of hard, impermeable
rock would be equally suitable, although presenting prac-
tical difficulties in implementation. Metering of the
drainage water requires that the water table level inside
and outside the lysimeter be kept equal. Kitching and
Bridge (1974) and Kitching et al. (1977, 1980) used pumps
connected to an automatic control system to both equal-
ise water level and to meter the transfer of water to com-
pute drainage from the lysimeter. For small volumes of
water, cheap battery-powered pumps designed for empty-
ing the bilge of leisure boats or for pumping drinking
water in caravans are suitable. Where the subsurface flow
of water is appreciable, the lysimeter can present a signif-
icant obstruction to groundwater flow, with a consequent
higher level at the upstream edge outside the lysimeter
and an artificially low level just below the downstream
edge (Kitching & Bridge, 1974). This is undesirable, as
leakage into or out of the lysimeter is minimised when
the difference in water level across the wall is very small.
Kitching and Bridge (1974) went to considerable lengths

to equalise the water levels around the outside of their
lysimeters.

Ingram et al. (2001) presented a neat passive solution to
equalising the levels while measuring water transfer. They
used a flexible plastic bag, partially filled with water and
placed in a small pit next to the lysimeter. Changes in
groundwater level would affect the pressure of water in
the bag and so cause water to be transferred between the
bag and the lysimeter to equalise the levels. Because the
bag is impermeable, measuring the water in the bag allows
the net amount of water transferred over the time between
visits to be calculated. Another passive method was
described by Huo et al. (2012), who used a Mariotte bottle
to supply water when it was needed and a simple overflow
system to collect excess water when drainage was positive.

Calder (1976) used a different approach in a forest area
over a very shallow (~1m) impermeable clay layer which
had drainage ditches dug at intervals. By connecting two
adjacent drainage ditches with trenches dug at right angles,
he isolated a block of ground hosting several trees. Corru-
gated iron ‘fences’ driven into the underlying clay in the
trenches, concreted in and sealed together, allowed the
water seeping out of the isolated block to be led to a large
tipping bucket flowmeter (Calder & Kidd, 1978) and
measured.

Where no impermeable layer exists, an artificial base can
be formed. Kitching et al. (1980) and Kitching and Shearer
(1982) drove sheet piles under a sheet pile-isolated mono-
lith well above the water table to collect drainage water
from the monolith. The latter example was particularly
ambitious, enclosing a 5 × 5 × 5m block of undis-
turbed chalk.

An alternative approach to providing a base for a natural
lysimeter was described by Schwärzel and Bohl (2003).
They isolated a block of peat of 0.9m2 area and 1m deep
by first digging a trench on opposite sides of the block
and forming a tunnel underneath the block between the
middle of each trench. The peat was then dug out from
beneath by enlarging the tunnel horizontally to insert a
plastic sheet underneath the block and down opposite
sides. The void below the plastic sheet was filled with sand
to support the block and the trench outside the plastic sheet
refilledwith peat. Then a trench along each of the two other
sides was dug and lined with a plastic sheet sealed to the
first one to enclose the complete block in plastic, except
for the top. The second two trenches were refilled as for
the first two. Operation was similar to that of Kitching
and Bridge (1974).

Measuring drainage from the lysimeter
Drainage from the lysimeter may be by a simple drain, as
shown in Fig. 24.10. On the other hand, it can incorporate
ameans of applying a tension to the bottomof the lysimeter
by means of, for example, a hanging water column or wick
sampler or attempt to match the matric potential at the
base of the lysimeter to that of the surrounding soil in a sim-
ilar way to that described in Section 20.2.4. If a suction is

Fig. 24.10 Typical lysimeter features.
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applied to the base of the lysimeter, then it requires either a
porous plate or a number of porous cups to prevent air entry
(Dowdell et al., 1984; Evett et al., 2006c).

Drainage can be led to a collecting tank and measured
periodically. If a finer timescale is needed, there are a num-
ber of options:
• The level in the collecting tank can be monitored by a
float-operated recorder or a pressure transducer or the tank
can be weighed using a load cell. Control software actuates
an electrically operated valve to empty the tank when its
level is near the top (Kitching & Shearer, 1982).
• The drainage is led to a large tipping bucket, similar to
those used in rain gauges, but scaled up (Calder & Rosier,
1976; Calder & Kidd, 1978; Ziegler et al., 2009; Meissner
et al., 2010).
• Where a pumping system is used to match the internal
and external groundwater levels, the use of separate tanks
for the water pumped into and out of the lysimeter, each
with a pressure transducer in the base or on a load cell to
measure the amount of water in the tank, allows the water
transfers to be monitored (Proulx-McInnis et al., 2011).

Monitoring water content
Change in water content of the lysimeter can be done in
two ways: by weighing the lysimeter or by measuring soil
water content by any of the methods described in Chapters
7–9. For accurate measurements, changes in the mass of
crop growing on the lysimeter need to be taken into
account.

Weighing the lysimeter Total change in water content of
a lysimeter can bemeasured from its change in weight. The
challenge is to obtain sufficient precision of the measure-
ment to resolve a quite small change against a large fixed
mass. A 1-m-diameter, 1.5-m-deep lysimeter contains
about 2000 kg of soil, and the container and other parts of
the lysimeter may add another few hundred kilograms, per-
haps 500 kg. Against this, 1mm of water has a mass of
0.785 kg, so that a resolution of 1mm requires a precision
of measurement of about 1 part in 3200 (i.e. 0.03%). The
term precision is used here because a much lower level of
absolute accuracy is acceptable, since only the change in
mass need be measured to the required accuracy. Daily
water balance changes usually result in a change in water
content of the soil profile of a few millimetres of water,
so that a resolution of 1mm may be just about acceptable
if daily water balance is required. If hourly changes need
to be resolved, then the required precision will be closer
to 1 part in 50,000 (i.e. 0.002%). This level of precision
needs to be maintained over a temperature range of, typi-
cally, 10�C and over several years. Meissner et al. (2007,
2010) used three load cells and claimed a resolution of 30
g in a total lysimeter (1.13m diameter, 2m depth) mass
of 4000–4500 kg, that is, 1 part in 150,000, which equates
to 0.03mm of water.

Achievingthis levelofprecisionis,however,verychalleng-
ing in a straightforward weighing approach. An alternative

approach is to counterbalance most of the weight of the lysi-
meter, so that only a small weight remains to be measured,
which can be done with much lower precision. To resolve
0.1mmovera rangeof300mmofwater, for instance, requires
a precision of 0.03%,which is about 15 times less demanding
than if the full weight of the lysimeter is carried by the load
cell. There are several ways in which counterbalancing can
beachieved, but all requirevery low frictional forces toensure
that reversals of the lysimeter mass are correctly measured.
Marek et al. (1988) described a system where the lysimeter
load was transformed and counterbalanced by a series of
levers, so that it could bemeasured by a 22 kg range load cell.
Howell et al. (1995) and Evett et al. (2012) found that water
storage in two replicate lysimeters could be resolved to 0.01
and 0.04mm.

Weighing lysimeters are expensive to build. Counterba-
lancing systems also need regular maintenance to ensure
their continued smooth operation. Load cells may be less
demanding but nevertheless need regular checking and
periodic recalibration.

Direct water content measurement Lysimeterwater con-
tent can be measured by neutron probe, TDR, other dielec-
tric methods or DPHP probes. A vertically installed TDR
probe gives an integrated measure of water content along
its length, although the maximum depth attainable may
bemuch less than the total depth of the lysimeter.Measure-
ment at discrete depths has the advantage that variations of
water content by depth as well as time aremeasured, which
givesmore complete information. If parallel measurements
in the surrounding soil are made, then any difference
between the two can be assessed for its effect on the repre-
sentivity of the lysimeter.

Other instrumentation
A lysimeter is a very well-controlled system, simple in con-
cept and relatively easy to operate. With good attention to
ensuring that themeasuring system(s) works properly, they
are adaptable to a wide variety of uses, not only to monitor
the water and solute balance of its surroundings but also for
more active experiments, for instance, bymanipulating the
environment or investigating the fate or effect of different
agrochemicals. Such experiments may be performed in
the field or under greenhouse or laboratory conditions.

Whether used in a monitoring or experimental role, a
range of different instruments can be installed in a lysi-
meter, including (but not limited to) tensiometers, temper-
ature probes and soil solution samplers. It is usually
convenient to install these from the side of the lysimeter,
thereby eliminating the possibility of water running down
the side of the instrument or access tube as well as not dis-
turbing the crop or micrometeorological environment and
keeping the temperature regime more stable.

Limitations of lysimeters
Over many years, lysimeters have proved very useful in
studying soil processes in a semi-natural environment with
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much more control than is possible in an unconfined situ-
ation. There are, however, several aspects that make them
unrepresentative of the natural field environment, which
provide some limitation to their usefulness or need to be
guarded against. Some of these have been touched on above,
such as the possible effect of repacking soil.

Artificial base The bottom of the lysimeter is often a free
draining boundary. This means that drainage occurs only
when the matric potential rises to zero at the base
(i.e. becomes saturated). The soil for some distance above
this must also be at high matric potential. If the soil out-
side the lysimeter is dry, hydraulic conditions will be con-
siderably different, particularly for a shallow lysimeter. On
the other hand, once the matric potential at the base of the
lysimeter falls below zero, drainage stops abruptly, while
in the surrounding soil it may well be proceeding at a sig-
nificant rate. If dry conditions persist, the ZFP outside
the lysimeter may fall below the level of the lysimeter
base and upward flow become established, providing an
additional source of water for evaporation. In this case,
the lysimeter soil may become significantly drier than
that outside, leading to reduced evaporation from the
lysimeter.

Of course, the deeper the lysimeter, the less effect its
base will have. This does, however, have significant cost
implications. An alternative solution is to apply a suction
to the base of the lysimeter, as was discussed in connection
with porous plates (Section 20.2.4). This could be a static or
occasionally adjusted value or a tensiometer-controlled
vacuum.Again, the latter option is expensive to implement
and consumes significant power.

Runoff/runon The isolation of a vertical soil column pre-
cludes water running onto or off the surface of the lysi-
meter. In most cases, this component is difficult to
measure and account for in the unconfined case, and so
the use of a lysimeter where runoff/runon is forced to be
zero may be an advantage, albeit at the expense of some
artificiality.

Leakage down sides A gap between the soil at the edge of
the lysimeter and the container wall is a possible route for
water falling on or applied to the lysimeter to bypass the
soil matrix. This may be even more important where
solutes are the primary object of interest, as small amounts
of pollutant appearing in groundwater soon after applica-
tion are often a cause for considerable concern. The prob-
lem is likely to be greatest in soils which swell and
shrink. The solution of Cameron et al. (1992) to seal off a
gap was described in Section 17.1. Corwin (2000) built
small rings around the inside of the container near the
top to deflect flow away from the wall. The latter solution
is applicable only for repacked lysimeters.

In most situations, regular inspection of the soil surface
in the lysimeter to ensure good contact with the container
wall and possible filling of any gaps as deeply as possible

with a little soil should suffice, particularly if near-surface
saturation is not important.

In soils which exhibit a significant amount of swelling
and shrinking, a gap may be more of a problem. Petroleum
jellymay fail, as shrinkage of the soil columnwould require
a change in volume of the jelly to accommodate it.

Gap between lysimeter container and surrounding
soil The container walls occupy a certain amount of area
when viewed fromabove,whichmaynot be negligible com-
pared with the lysimeter’s surface area. Where there is
access to the base to collect drainage or the lysimeter is
weighed, there is inevitably a gap between the outside of
the container and an extra shaft in which it sits. This may
affect thesoilwaterdynamics throughaerodynamicorother
effects andmay require some adjustment to the lysimeter’s
effective area if a closed canopy crop is grown (Evett
et al., 2012).

Aerodynamic disturbance If the crop within the lysi-
meter is not uniform in height and type from that of the sur-
roundings, then an oasis effect is possible, which promotes
enhanced or reduced evaporation from the crop inside the
lysimeter through a change in the airflow across it. To be
representative, the lysimeter should be surrounded by land
growing the same crop for a distance several times the crop
height.

Access shaft An access shaft is often required to allow
access to the base of the lysimeter or to instruments
installed within it. This should, ideally, be sited some dis-
tance away from the lysimeter, but this is often not practi-
cal. A metal or protruding roof to the shaft is likely to
disturb the airflow or temperature regime significantly,
leading to questionable results. The effects can be miti-
gated by:
• Having the top of the access shaft at the same level as the
crop in the lysimeter.
• Covering the roof of the shaft with vegetation.
• Siting the shaft such that the prevailing wind is at right
angles to the line between the lysimeter and shaft.

Cultivation It is difficult to treat the surface of a small
lysimeter in exactly the same way as a surrounding field.
This is especially the case for arable crops, which use
machinery to cultivate the soil and sow the crop. Treat-
ment of the lysimeter must be designed to mimic the farm-
ing operations in its surroundings as closely as possible.
This may well extend to an appreciable distance around
the lysimeter, since farm machinery has difficulty getting
close to an obstruction.

24.4 Tracer Methods

As described in Section 19.2, there are a wide variety of
tracers available, some which can be applied artificially

328 CHAPTER 24

FOR REFERENCE PURPOSES ONLY



and some which are part of natural precipitation. The
former are useful for plot-scale studies, while the latter
may be applicable over a wider area. However, wider areas
usually involve tracer investigations in groundwater or
streams draining the area and hence integrate over the rel-
evant catchment area as well as over a longer timescale.
Deep unsaturated zone measurements are likely to inte-
grate over increasingly large areas the deeper in the profile
the samples are taken from, albeit that this area is not very
well defined.

An important consideration is whether or not the tracer is
conservative. That is, once applied to the soil, does it remain
in the profile or is some of it removed (or added) in someway?
Conservative tracers do not undergo chemical transforma-
tions, are not taken up byplant roots, are not evaporated back
into the atmosphere and do not undergo radioactive decay.
Veryfewtracers fulfil all theseconditionscompletely,butsev-
eralareusuallyregardedasbeingcloseenoughtodoingso, that
theycanbetreatedassuch (e.g.Cl−,Br−, Li+, providedthatthey
donotoccur insubsurfaceminerals).Nitrogen(usuallyusedas
thestable isotope15N) is takenupbyplantrootsandtheremay
be some losses by volatilisation, but if plant material is also
analysed for nitrogen, most of the tracer should be recovered.
Radioactive isotopeshavewell-knownhalf-lives. If, insteadof
usingtheactual inputquantity, theamount left afterdecayup
to the time of measurement is used, and if there are no other
loss mechanisms, they can be treated as if they were
conservative.

24.4.1 Principles of tracer methods to water
balance estimation

There are two main ways in which tracers can be used
to estimate a soil water balance. The appropriate route
depends on whether the input varies over time (for
instance, seasonally or was introduced at one time) and
whether the tracer is sufficiently conservative or its losses
can be estimated sufficientlywell. For a time-varying input,
identification of the peak movement can be used to esti-
mate water flux, while for a conservative tracer, a mass
balance approach is possible. In some cases, both methods
may be used, providing an opportunity to cross-check the
results. In both methods, the interpretation is complicated
by diffusion, dispersion, adsorption or anion exclusion (see
Section 19.1.2). The former induces retardation (i.e. slow-
ing down) of the tracer relative to that of the water
(Section 23.1), and the latter speeds it up.

24.4.2 Peak movement

The principles governing the movement of a slug of solute
were described in Section 19.1. For a perfect tracer (i.e. con-
servative, non-diffusive or dispersive, which travels at the
same speed as the water), a narrow slug of tracer would
travel at a speed given by Equation 19.1.4, that is, at the
instantaneous water flux divided by the volumetric water
content. Under steady-state conditions, that is, constant

water content and water flux over a time period, Δt, then
the total displacement, Δz, of the slug would be

Δz=
q
θ
Δt: ð24:4:1Þ

More generally, if the water flux and water content vary
in time, then

Δz =
ðt2
t1

q tð Þ
θ tð Þdt, ð24:4:2Þ

where Δt = t2 − t1.
If water content varies with depth, things are a little

more difficult, as there is no neat solution for an arbitrary
variation of θwith z. Recoursemust bemade to using a sim-
plemodel of the relationship or a numerical solution. Below
the root zone, water content is often sufficiently constant
that this provides a good enough approximation to allow
robust estimates of peak movement to be made.

Artificial tracers
An artificial tracer is usually applied at one time, either dry
on the surface or,more usually, dissolved in a small amount
of water and irrigated evenly over the area to be covered.
Uniformity of application is important to avoid erroneous
conclusions – for instance, inferences of preferential flow
may be drawn when in reality non-uniform surface appli-
cation is responsible. To avoid unacceptable disturbance
to the hydrological system, the amount of water should
be the minimum necessary to achieve satisfactory applica-
tion. The area used should be as large as practical compared
with the depth to which samples will be taken.

Barraclough et al. (1994) irrigated a plot of 2 × 1m with
15N-enriched nitrate fertiliser and an adjacent 2 × 2m plot
with deuterium-enriched water and chloride tracer. Over
40 months, lateral spreading of the 15N at 0.5m and Cl−

at 0.35m from the edge of the plot was not detectable to
a depth of 6m, with the peak at about 3m. The deuterium,
however, was detectable at 0.35m from the plot edge, prob-
ably reflecting the greater self-diffusion coefficient for
hydrogen. In other situations, a larger area may be neces-
sary, particularly if preferential flow carrying water in a lat-
eral direction occurs.

An artificial tracer applied as a single ‘slug’ allows a peak
of concentration to be followed unambiguously. Vertical
spreading of the peak also allows combined diffusion and
dispersion to be assessed. Preferential flow often produces
forward tailing of a peak, in which a long ‘tail’ of solute
is observed well below the main part of the peak, usually
reducing in concentration with depth. This is sometimes
attributed to flow in fractures or interaggregate pores with
diffusional interchange of solute with the rest of the soil
matrix (van Genuchten & Wierenga, 1976; Foster &
Smith-Carington, 1980). Or it may result directly from pref-
erential flow either within the soil matrix (Simmonds &
Nortcliff, 1998) or in macropores.
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Environmental tracers
Tracers arriving in precipitation usually show either a
seasonally varying concentration, as in the case of 2H or
18O, or a broad peak extending over several weeks, months
or years where the input is the result of human activity,
such as tritium or 36Cl from nuclear bomb testing, chemical
releases from industrial plants or the Chernobyl accident
in 1986. Provided that mixing in the surface layers or
dispersion is not too great, these peaks may be followed
through the unsaturated zone in the same way as for a
single application.

24.4.3 Mass balance methods

If a tracer is conservative, then in principle, it should
remain in the soil profile indefinitely or at least until it is
transported away laterally by groundwater flow. Loss of
tracer, therefore, should reflect:
• Uptake by plant roots
• Volatilisation and evaporation from the ground surface
• (Bio)chemical transformation within the profile
• Lateral movement away from the area of sampling
• Preferential flow beyond the deepest depth of sampling
• Radioactive decay

In practice, even where there appears to be very little
scope for these processes to occur, tracer recovery is usually
in the range of 85–105%, with values less than 100% being
more common. Mass balance is, therefore, an important
technique in aiding the interpretation of solute profiles.

‘Steady-state’ mass balance
For tracers where there is no identifiable peak displace-
ment, that is, if the input is relatively constant or there is
effective mixing close to the ground surface, then amethod
based on a concentration principle and steady-state condi-
tions can be employed.

Themost common tracer for the purpose is Cl−, which is
commonly not present in the subsurface except via precip-
itation. Chloride in precipitation is normally derived from
seawater and so is strongly dependent on distance from the
ocean and the direction of the prevailing wind.

The basic principle is quite simple. Chloride is usually
regarded as conservative and, averaged over a number of
years, both precipitation and chloride input are assumed
to be reasonably constant. Assume that the total quantity
of chloride deposited annually per unit land area, either
as ‘dry’ deposition or in precipitation, is MCl, the annual
precipitation is P, annual evaporation is E and all precipita-
tion is evaporated or infiltrates into the soil, that is, there is
no runoff. The chloride below the root zone is, therefore,
dissolved in a quantity of water, P − E, that is, the concen-
tration of chloride in unsaturated zone water, CCl, is
expected to be

CCl =
MCl

P−E
: ð24:4:3Þ

P − E is, in the absence of surface runoff, the average drain-
age, D, from the soil profile or, in most cases, equal to
groundwater recharge. Hence

D =
MCl

CCl
, ð24:4:4Þ

or

D =
CP

CCl
P, ð24:4:5Þ

since MCl = PCP, where CP is the concentration of chloride
in precipitation (ignoring dry deposition).

The method is usually applied in arid or semi-arid
regions, where most precipitation is evaporated, but has
been tried with reasonable success in a temperate climate
(e.g. De Silva, 1999). From Equation 24.4.5, it can be seen
that where annual drainage, D, is low, the ratio CP/CCl is
also low, that is, the chloride concentration in the soil pro-
file is high and so the method is better suited to arid
and semi-arid areas, where analysis of higher concen-
trations is less prone to errors. These areas are also less
easily accessible to other methods of water balance
computation.

At many sites, particularly in developing countries,
chloride concentration data in rainfall may be available
for only a short period. In view of many other uncertainties
connected with the method, this is not regarded as a major
limitation. Edmunds and Gaye (1994) used a 3-year record,
although there was considerable variability between years.
Bromley et al. (1997) had only 1 year’s data, albeit from
16 sites over a 60 km transect. Rainfall data is usually avail-
able over a longer period, albeit rarely at the specific site
sampled, and the method depends on both temporal and
spatial stability of inputs.

Small-scale variations of chloride concentration with
depth are usually attributed to annual or decadal variations
in climate and deposition. An average through these is
taken to compute drainage. Larger-scale variations can be
identified with climatic shifts. The low rates of recharge
and the often deep unsaturated zone of many (semi-)arid
areas mean that there is a very long time record preserved
in the chloride profile. For instance, Bromley et al. (1997)
estimated that a 70-m-deep profile inNiger contained a rec-
ord going back 765 years, with a mean recharge rate of 13
mmyear−1. Even longer time series have been observed at
some sites. Flint et al. (2002b) identified reduced chloride
concentrations at depth with increased precipitation in
the Pleistocene period.

The method depends on an assumption of there being
no net runoff from the area under study, no preferential
flow below the near surface and no artificial sources (or
sinks) of chloride either at the surface or within the profile.
These are often questionable, but in many situations, com-
parison with other techniques has been good (Scanlon
et al., 2006).
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Mass balance of surface applied tracers
Where the tracer is applied over a fixed period of time,
whether deliberately or as an environmental contaminant,
such as tritium or 36Cl from nuclear bomb testing or from
an industrial accident, then themass balance can be used as
an alternative to peak tracing, provided that the input is
known. Loss of tracer would indicate volatilisation of the
tracer, uptake by plants, evaporation from the soil surface,
preferential flow or lateral movement. If the tracer is con-
servative, then only the latter two mechanisms are
expected. Even non-conservative tracers, for example, trit-
ium, deuterium and nitrate (whether as normal fertiliser or
labelled with 15N), once they are beyond the root zone of
any vegetation, are expected to behave as conservative.
Once safely beyond this, the tracer remaining can be
regarded as the starting quantity, and we would expect to
find the same amount at a later sampling time. Roots often
penetrate deeper than expected, however, and upward flow
of water above the ZFP can bring solutes back into the root
zone, so some care in interpretation is needed.

Checking the mass balance is, therefore, a powerful way
to check for consistency in interpretation of peak move-
ment data.

24.4.4 Combined peak movement and mass balances

Combining the two approaches can reveal unexpected
behaviour and challenge the assumptions made.

For instance, Wellings (1984b) applied water equivalent
to 10mm rainfall at twice natural deuterium concentra-
tion to a small plot on chalk at a site in southern England,
and Barraclough et al. (1994) applied a much more concen-
trated amount of deuterated water at another chalk site in
southern England in 5mm water, washed in with a further
5mm. In the former case, a deuterium peak was detectable
in the upper 3m of the profile for about 18 months after
application, consistent with concentrations of chloride
applied in fertiliser. At the latter site, rainfall and deep
drainage were smaller and deuterium, chloride (artificially
applied with the deuterium) and 15N peaks were observed
clearly over 4 years, reaching a maximum of 4m depth.
Comparison with water balances and volumetric water
content of the chalk suggested that only about 50% of
the water contained in the chalk was active in transmitting
the solutes.

24.5 Aquifer Recharge and Groundwater Pollution

In many areas, aquifer recharge is controlled principally by
the soil water balance. The techniques described in this
chapter are, therefore, of particular importance for estima-
tion of sustainable groundwater extraction and pollution
from soil-applied chemicals. These techniques are, how-
ever, appropriate only if:
• Recharge is predominantly viawater movement through
the soil profile.

• Sites can be monitored representing all of the main soil
and land use classes in the area.

This is usually termed diffuse recharge as it is areally
extensive. Pollution arising from this source is termed
diffuse or non-point source pollution.

Other recharge mechanisms that are not amenable to
soil water balance monitoring include:
• Mountain front recharge (recharge from rivers dischar-
ging from mountain ranges into alluvial fans at their base).
• Focussed, indirect or localised recharge occurring from
riverbeds, lakes and ephemeral lakes.

Other techniques for estimation of aquifer recharge,
mainly applicable to these other mechanisms, include:
• Estimation of river baseflow, where the river(s) is fed by
groundwater from the aquifer of interest.
• Analysis of groundwater level records.
• Seepage meters, for lakebeds.
• Estimation of the gain of river flow over a reach.
• Heat flow tracing.
• Isotopic and chemical concentrations in groundwater.
• Numerical modelling.

It is important to appreciate that although drainage at a
depth a few metres below ground level will probably
recharge the aquifer, the flux at the bottom of the moni-
tored profile is not usually that at thewater table. Imperme-
able layers within the unsaturated zone may divert water
flowing down the profile into nearby streams, and there
is almost always a long delay between drainage occurring
a little way below the soil surface and its appearance at
the water table, often tens and sometimes hundreds of
metres below. If the profile between the depth at which
drainage is measured and the water table is close to satura-
tion, then there may be only a small delay between the
water flux at the latter from that occurring at the former.
This is not, however, the same water. Piston displacement
means that water is pushed ahead of that at the top of the
profile, so that solutes do not appear at the water table until
usually much later, often decades or even centuries. Where
the unsaturated zone has low water content, with small
values of both hydraulic conductivity and diffusivity, the
water table response to increased recharge near the surface
will also take a long time, perhaps being little faster than
the physical movement of the water.

Preferential flow is often more significant for solute
movement than for water resources assessment. Some
solutes, such as pesticides, have toxic levels in drinking
water which are only a few parts per billion. If concentra-
tion at the soil surface is in the parts permillion range, then
if only 1%were able to infiltrate rapidly to the aquifer over
a large area, or by concentration into surface depressions,
this could cause a major problem.

24.6 Conclusion

Significant progress in our ability to measure and
understand the factors controlling both water and
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solute movement in field soils has been made through
the methods outlined in this chapter and through labo-
ratory experiments and modelling efforts. As in most
areas of environmental science, the understanding of
solute transport lags some considerable way behind
that of water flow. In view of the bewildering array of
chemicals and the variety of interactions they may

have with different soil constituents, this is readily
understandable.

At the conceptual level, the principal mechanisms
appear to be well understood, but translating these into
practical application and reliable measurement or predic-
tion is possible in some situations, but will require much
more research in most others.
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25 Concluding Remarks

This book has set out to describe techniques for measuring
relevant aspects of the relationship between soil and water.
Where possible, detailed descriptions of methods have been
given. The working principles of the main instruments and
methods have also been described in as simple a manner as
possible.With these twosetsof information, it shouldbepos-
sible to apply and adapt the basic principles to othermethods
which have been omitted or will appear in the future.

The ready availability of cheap computing power,
together with the development of low power electronics,
has transformed the study of soil–water interactions over
the past four decades in a number of ways:
• It has enabled automated data collection of ever
greater volumes of data from sometimes very remote
field sites.
• Manual data collection has become simpler, with record-
ing direct to electronic media.
• Statistical analysis of data can be incorporated routinely,
and in many cases automatically, into data processing
procedures.
• Several options for telemetry mean that real-time data
monitoring from remote sites is possible.
• Data processing can be automated, poor quality identi-
fied quickly and remedial action taken.
• Data processing can be carried out at the point of meas-
urement using intelligent data loggers.
• Much larger data sets can be handled and analysed.
• Different data sets can be related to one another with
comparative ease.
• Data can be transmitted easily around the world via the
Internet, enabling collaboration betweenworkers separated
by large physical distances.
• Sophisticated numerical models have been developed to
predict the behaviour of large environmental systems.
• Inverse modelling enables the identification of the
parameters controlling the behaviour of a system
from measurement of other, more easily determined
quantities.

As with all advances, there are dangers inherent all of
this. These include:

• The ability to collect and transmit data automatically
can lead to false assumptions about the true nature of the
data or the system behaviour. There is no substitute for
going into the field in challenging weather conditions and
observing the myriad interactions between water and the
environment, as well as those unpredicted events, like
the tree that has blown down and is causing unexplained
readings.
• The seductive plausibility of model results without
all the irregularities of real field data. There is a real
danger that, with the falling costs of computer power and
the increasing expense of running properly managed
field experiments, the world will be reduced to a virtual
system inside a computer and if the results don’t fit
the observations, then there must be something wrong
with the measurements. Already, there is a mini-industry
in generating synthetic data sets and the success of a model
is being judged on how well it agrees with other models.

Remote and automated data collection enables us to do
many things that were not possible in the past. Networks of
sensors capable of communicating with one another are
starting to become more common, so that data can be col-
lected, processed and related both spatially and interac-
tively in real time (e.g. Akyildiz et al., 2002; Delin et al.,
2002; Cook et al., 2004; Porter et al., 2005; Collins et al.,
2006; Bogena et al., 2010). Used wisely, with understanding
of the likely pitfalls and backed up with first-hand observa-
tion, these developments can add a great deal to efforts to
understand the world we live in and to control those facets
that need management.

Similarly, models are indispensable to prediction of the
future or exploring the effect of a proposed course of action.
But unless these are grounded by comparison against real
observations of the behaviour of the relevant system,
instead of being a substitute for them, then no matter
how clever the algorithms, they cannot provide a true
description of the processes at work.

If this book encourages more people to get out andmake
more measurements in the field environment, then it will
have done the job intended.
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ablation, 314
absorption

of gamma rays, 36, 37, 41, 250, 324
of neutrons see under cross-section (neutron)
photoelectric, 36, 40
of solutes, 281, 283–285
of water by sample, 32, 33

access tubes
for capacitance depth probes, 132–133, 135–136, 143, 149
for dielectric probes
installation, 139–142

for ESI TDR, 124
for gamma ray probe, 36, 37, 41
installation, 39, 41

for neutron probe, 46, 47, 49–50, 58–59, 63–65
installation, 48–57
large diameter, 57
location, 51

for profile probe, 137–138
for porous matrix water potential sensors, 210–212
separation from tensiometers, 267, 268
in soil monoliths, 242, 245, 327
for tensiometers, 177–178
for Trime IPH probes, 123
water running down the side, 51, 63, 177, 211, 327

accuracy, 4, 16–20
hydraulic conductivity, 244, 245, 252, 253, 261–263, 268, 270
pressure transducer, 168, 169, 191, 198, 200
sample volume, 26, 27, 32–36, 41
soil water characteristic, 226, 232
solute concentration, 282, 300
volumetric water content
capacitance probes, 143
dielectric methods, 112
GPR, 146
DPHP, 151
ERI, 155, 158
gravimetric method, 23, 32–35, 39–41
neutron probe, 49, 55, 60–84
TDR, 127, 129

water balance, 315, 318–320, 323, 325, 327
water flux, 310
water potential, 161
Bourdon gauge, 189
Equitensiometer, 205
filter paper, 212, 213
gypsum block, 204
indirect methods, 203, 208

mercury manometer, 178, 185, 189, 192
puncture tensiometer, 173, 190
soil psychrometer, 216, 217

adsorption, 280, 281, 283, 286–290, 306, 307, 329
aggregation, aggregates
effect on hydraulic conductivity, 240, 255–256
effect on REV, 16
effect on soil water characteristic, 10, 225, 226, 229
effect on solute transport, 280, 307, 329

air entrapment, 72, 177, 208, 244, 252, 267, 320
air entry potential (value)
of soil, 10, 235, 247, 272
of porous barrier, 164

for applying suction to the base of a lysimeter, 327
ceramic, 197, 294
contact medium for potential sensor calibration, 208, 209
measurement, 165
osmotic and high-capacity tensiometers, 218, 220
for soil water characteristic measurement, 227, 231
for solution samplers, 286, 288
tension infiltrometer, 264

albedo, 316
Americium-241, 36, 45
Am-Be neutron source, 45
anisotropy, 12, 136, 239
aquifer recharge, 3, 101, 281, 303, 311, 312, 321, 327, 330, 331
Archie’s law, 152–153
arid and semi-arid areas, 3, 13, 211, 282, 305, 307, 330
availability of water see water availability

balun, 120, 122, 125
bearing capacity, 3, 51
bentonite, 7, 57, 196, 197, 210, 287, 294
Boltzmann transformation, 249
Boreholes, use as access tubes, 57
Bowen ratio, 316, 317
Breakthrough (of tracer), 241
Bruce & Klute method, 249
bubble tower, 276
bulk density, 23
effect on DPHP sensors, 150
effect on neutron scattering, 45–46, 62, 71–72, 76–77, 85–88
effect on permittivity, 112, 143
effect on soil water characteristic, 229, 235

bulk density measurement, 20
gravimetric, 29–36
gamma ray scattering see gamma ray backscatter & gamma ray

transmission
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Caesium-137, 36
calibration see under COSMOS; capacitance probes; dielectric methods;

gamma ray backscatter; neutron probe; puncture tensiometers; soil
psychrometers; TDR; Theta probes; water content measurement;
water content reflectometer

Californium-252, 45
capacitance probes, 131–136 see also access tubes
calibration

of individual probes, 135–136
for soils, 141–144, 149

principle of operation, 131–132
probe configuration, 132–134

depth probes, 132–133, 142–143
masonry probe, 134
permanent installation, 133–134, 142
surface probes, 133–134

capillary forces, 5, 9, 191, 229, 263, 264, 274
capillary fringe, 145, 248, 259
ceramic disc salinity sensors, 294–295
characteristic impedance see under transmission lines
clay minerals, 20, 57
effect on electrical conductivity, 153, 293, 294
effect on hydraulic conductivity, 180, 239, 246, 248, 261, 264
effect on instrument installation, 27, 51, 142, 176, 257, 260, 284
effect on permittivity, 103, 111–113, 131, 136, 147, 149
relation with macropores, 13, 16
effect on solute behaviour, 280, 281, 283–285, 306, 307
structure, 4, 7, 103
effect on water retention, 7, 10, 228

compaction, 39, 71
effect on accuracy of measurements, 48, 51, 54–56, 66, 229, 251
of soil during sampling, 27–32, 74
of soil surface, 13, 51, 54, 56, 58, 66, 140

contact angle, 6, 167, 228
continuity (equation of ), 12, 307
correlation, 16, 18, 19, 34, 41, 64, 65, 147, 255
COSMOS, 84–89, 304
calibration, 85, 86, 89
footprint., 85, 88
interception, 88, 89
measurement depth, 85, 88
principles, 85
snow, 88, 89
vegetation, 88–89

cracking soils, cracks, 7, 13, 16, 51, 77, 211, 225, 265, 319
crop water use see water consumption of crops
cross-section (neutron)
absorption or capture, 45, 49, 76
scattering, 44, 49, 86
transport, 76

crusting, soil crust 13, 51
crust method, 245, 269

Darcy’s law, 4, 11, 12, 243, 251, 307, 308, 320, 321, 324, 325
Darcy velocity, 11
data loggers, 84, 85, 130, 131, 150, 183, 191, 198, 200–201, 204,

207, 217–218, 257, 299, 335
deaired water, 201–202
Debye relaxation, 110
density see bulk density; particle density or water density
deterministic variation, 17–19
dielectric constant see permittivity; relative
dielectric methods

calibration, 112–113, 149 see also under capacitance probes; TDR;
theta probes; water content reflectometer

diffusivity, 14, 273
effect on response of sensors, 161–163, 180, 184, 214, 227, 230, 287
measurement, 249, 251, 253, 254, 267
relation to sorptivity, 15, 255, 331

diffusivity, thermal, 150, 151, 309

dipole, antenna, 147
dipole–dipole array, 155
dipole, electric, 7, 102, 103, 110
dipole, magnetic, 297–299
disc permeameter see tension infiltrometer
drainage
estimation, 271, 289, 304, 311, 312, 318–331
free drainage from soil profile, 247
of land, 3, 257, 303, 312
collection from soil profile, 61, 287

use for measurement of water balance, 242, 310
dual-probe heat-pulse (DPHP) sensors, 150–151, 206, 250, 309–310, 327
measured volume, 151

ECH2O probe, 101, 102, 138–139, 149, 311
eddy correlation, 316–317, 325
electrical circuits, fundamentals, 104–110
electrical conductivity, 103, 139, 144, 149, 182, 292–300 see alsoArchie’s law;
electrical resistivity imaging; Waxman & Smits equation
effect on apparent permittivity see under permittivity
for solute concentration estimation, 292–300

field measurement methods, 293–300 see also ceramic disc salinity
sensors; electrical resistivity imaging; electromagnetic induction
and under TDR

solute concentration relation to solution electrical conductivity,
292–293

laboratory measurements, 293
electrical resistivity imaging (ERI), 152–158, 253, 294–295, 304, 305
electric potential, 124, 153, 157–158
electromagnetic induction (EMI), 296–300, 304, 305

instruments, 299
principles, 297–299
use in the field, 299–300

electromagnetic wave
attenuation, 120
reflection, 115–116, 120, 148
speed of, 115, 119, 234

energy balance, 315–317
entrapped air see air entrapment
equation of continuity see continuity (equation of )
Equitensiometer, 205 see also under indirect water potential sensors
errors see accuracy
evaporation, 304, 312, 318, 321, 325, 328, 330
estimation, 314–316, 321, 323–325
from crops, 129, 308, 319, 321
of heavy water, 282
pan, 314
from pit face, 195
in psychrometers, 215
from samples, 24, 27, 30, 33, 35, 71, 141, 208, 212, 227, 242, 244, 245
from soil surface, 211, 270, 271, 274, 281, 321, 323, 330, 331

fertiliser, 3, 279, 281, 282, 303, 312, 313, 329, 331
film flow, 13
filter paper method, 211–213
fingering, 7, 13, 232, 289

gamma ray absorption see absorption of gamma rays
gamma ray backscatter, 39–41, 74 see also radiological safety
calibration, 40–41

gamma ray sources, 36
gamma ray transmission, 37, 46–47, 233, 250, 324 see also radiological safety
gas pressure potential see potential; gas pressure
geostatistics, 17–20, 35
gravimetric water content measurement, 23–25, 26–41, 65, 233, 249, 252,

324–325 see also record keeping; sampling soil; soil samplers; stones
for calibration of instruments, 71–74, 86
by taking known volume samples, 26–36, 71–74, 141–144
by using independently measured bulk density, 35–41

gravitational potential see potential; gravitational
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groundwater
flow, 309, 326
level monitoring, 184, 258, 259, 313
pollution, 3, 101, 279, 300, 303, 304, 312, 328, 331
tracing, 329
for water supply, 56, 307, 319

ground penetrating radar (GPR), 144–149, 152, 158, 297, 304
antennae, 146–147
in boreholes, 147–148
configurations, 146
frequency, 147
licensing, 148
penetration, 147
principles, 144–146
surface reflection, 148

groundwater recharge see aquifer recharge
guide tubes, 52, 140–142
gypsum blocks, 204 see also under indirect water potential sensors

heat dissipation blocks, 205–206, 210 see also under indirect
water potential sensors

high capacity tensiometers, 220–221
horizontal water movement, 15, 249, 252, 258
Hydra probe, 102, 139, 149
hydraulic conductivity 4, 11–12, 14, 161, 164, 177, 208, 287
of aggregates, 255–256
auger hole method, 257–258
borehole methods, 257–262
borehole permeameter, 259–262
constant flux, 247, 270
constant head, 243–244
crust method, 245
falling head, 245–246
field measurements, 245
field-saturated, 259, 263, 294
Guelph permeameter, 259–262
hot air method, 251–253, 308
instantaneous profile method. 265–269
inverse methods, 253–255
measurement, 28, 241–276
multi-step outflow, 254
one-step outflow, 254
oscillating head, 246–247
piezometer method, 258–259
prediction, 239–240
Poulovassilis combination method, 270–272
ring infiltrometers, 262–264
saturated, 243–247, 257–264, 307
simplified methods, 269–270
slug test, 257–258
tension infiltrometer, 264–265
unsaturated, 14, 225, 231, 233, 235, 243, 275, 307, 308, 320–321, 331
water balance observations, 272–274
ZFP method, 269

hydraulic potential see potential; hydraulic
hydraulic properties (of soil) see hydraulic conductivity and soil water

characteristic
hydrophobicity (water repellency), 7, 13, 232,
hysteresis, 10
difficulties caused by, 11, 14, 225, 235, 320
in instruments, 89, 161, 198, 203–206, 214
measurement, 228, 232–234, 245

indirect water potential sensors, 203–213 see also Equitensiometers; filter
paper method; gypsum blocks; heat dissipation blocks; Watermark

calibration, 207–210, 212, 214
installation, 210–212

infrared hygrometer, 317
instantaneous profile method, 262–269
inverse methods, 4, 129, 157–158, 248, 253–255, 310, 335

inverse square law, 39, 91
irrigation
of crops, 3, 58, 61, 145, 148, 157, 303, 304, 312, 314
scheduling, 3, 101, 129, 149

kriging, block kriging, 19–20

Lagrange undetermined multiplier, 19
land drainage see drainage of land
latent heat of evaporation, 215, 315, 317
light, speed of, 36, 115, 119, 146
linear equations, 11, 19, 253, 284
lossy dielectrics, 109, 118–119
lysimeters see water balance; lysimeters

macropores, 7, 13
effect on hydraulic conductivity, 240, 245, 254, 255, 257, 261, 265, 271
effect on soil water characteristic measurement, 225, 231
effect on solute transport, 280, 287–289, 291, 329

magnetic permeability, 106, 115, 118, 297
Mariotte bottle, 275–276
mass wetness, 23–24, 26, 30, 32, 34, 65
matric flux potential, 14, 264, 273–275
mechanical hammer, 55–56
mercury intrusion porosimetry, 228–229
montmorillonite, 7

neutron collisions, 44–45 see also scattering
neutron detectors, 45–46
neutron probe, 43–84, 103, 131, 151, 194 see also access tubes; soil water

characteristic; hydraulic conductivity; neutron collisions;
proportional counter; radiological protection; scattering; scintillation
detector; water balance; water drum; water flux

accuracy & precision, 60–63
calibration, 62, 68–77, 77–80, 82
of individual probes, 68–71
for soils, 61, 71–77
combination neutron and gamma probe, 48
counting time, 63–65
data processing, 82–84
depth probe, 47
farming operations, 58–60
measurement methods, 63–68
near-surface measurements, 77–80
neutron source, 44, 45
principles, 43–46
profile water storage, 80–82
standard counts, 70–71
surface probe, 46–47
volume of measurement, 46, 73, 77, 79

nonlinear equations, 11, 12, 14, 231, 243, 253, 284
nugget semi-variance, 17, 18, 20
numerical methods, modelling
for estimating hydraulic properties and water balance, 253, 270, 275, 308,

311, 325, 329, 331
for prediction of system behaviour, 4, 12, 335

organic matter, 12, 24
adsorption of solutes, 281, 283–285
effect on dielectric properties, 111, 121, 149
effect on filter paper method, 212
effect on neutron scattering, 43, 77, 85, 86, 88
use in predictive methods, 235

osmotic potential see under potential
osmotic tensiometers, 218–219
overburden potential see under potential

parallax error, 185–186, 189
particle density, 24, 113
particle size distribution, 235, 240, 262
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pedotransfer functions, 235
Peltier effect, 215
permittivity, 101, 135, 136, 138, 145
of air, 102, 113
apparent, 112, 117

effect of electrical conductivity, 118–119, 131, 136, 137, 139, 295
effect of bulk density see bulk density; effect on permittivity
definition, 102
of free space, 102
of ice, 103
real and imaginary components, 110, 112, 118–119, 137, 296
refractive index model see refractive index model of permittivity
relative, 102
of soil, 111–113, 121, 131, 132, 137, 146–148
of soil particles, 111–113
of water, 101, 103–104, 113

affected by solid surfaces, 103
effect of solutes on, 103
temperature coefficient, 103

pesticides, 3, 279, 280, 286, 292, 303, 313, 331
piezometer, 166, 184, 196, 258
Poiseuille’s law, 11, 240
polar substances, 103
pollutants, pollution, 3, 101, 158, 279, 300, 303, 304, 311, 312, 328, 331
polluted land, reclamation, 303
potential, 7–10 see also Equitensiometers; filter paper method; gypsum

blocks; heat dissipation blocks; high-capacity tensiometers; osmotic
tensiometers; soil psychrometers; tensiometers; Watermark

air entry, 10, 235, 247, 264, 272
calibration see under indirect water potential sensors; puncture

tensiometers; soil psychrometers; Watermark
gas pressure, 10
gravitational, 10
hydraulic, 10, 164, 167, 169, 174, 176, 179, 180, 184, 187, 189–193, 242,

266, 269, 273, 319, 321, 323
matric, 9, 10

bias in soil water characteristic measurement, 225
effect on macropore function, 13, 321
gradient, 14, 262
measurement. 161–222, 233–235
relation to hydraulic conductivity, 11–12, 242, 248, 250–251, 259–265,
268, 272, 273

imposing on soil, 226–230, 243–244, 250–251, 253–254, 264–265,
285–289, 326

relation to water content see soil water characteristic
and solution samplers, 285–289, 294
spatial variation, 242–243

osmotic, 10, 161, 212, 216, 218–219, 230
overburden, 10
relation to water content see soil water characteristic
sensor response time, 162–163
sensor sensitivity, 162

precipitation measurement, 313–314
precision, 60
of borehole permeameter measurements, 259
of electrical conductivity measurement, 293
in inverse modelling, 254
maximising in field situations, 149, 268, 305
of neutron probe measurements, 60, 63–65, 72, 80
in oscillating head measurements, 247
of stable isotope measurements, 282
of TDR measurements, 121
of weighing lysimeter, 327

preferential flow, 12–13 see also crusting, fingering, hydrophobicity &
macropores

artificially created, 84, 211, 329
with a borehole permeameter, 261
identification with GPR, 144

effect on inverse methods, 253
effect on solute transport, 280, 284, 329–331
effect on water balance, 304, 311, 319
effect on water content measurement, 84
effect on ZFP calculations, 323
in natural monoliths, 245

pressure chamber (plate or membrane) apparatus
use for determining soil water characteristics, 28, 227
use in calibrating water potential sensors, 206, 207, 210, 212, 216, 219

pressure transducers, 198–201 see also under tensiometers
Profile probe, 137–138, 325
proportional counter, 37, 40, 42, 45, 48, 85
protection of ground surface
from compaction and disturbance, 52–54, 66, 74, 140, 211, 244
from rainfall or sunlight, 270

psychrometers see soil psychrometers
puncture tensiometer see under tensiometers

radiological protection, 89–100
biological interactions, 90
consignment note, 94–95
controlled area, 93
distance shielding, 91
dose limits 93
environmental protection, 98
exposure reduction, 91–93
IATA & IMO Dangerous Goods form
labelling of containers and vehicles, 93–95
Local Rules, 99–100
nature of radiation, 89
radiation dose measurement, 90
security of radioactive material, 98–99
shielding, 92
Special Form sources, 93
storage of radioactive material, 98–99
supervised area, 93
time of exposure reduction, 92–93
training of workers, 100
transport across administrative boundaries, 95–98
transport regulations, 93–98
transport by road, 98
Type A container, 93
storage of radioactive sources, 98–99
units, 90–91

rainfall measurement see precipitation measurement
random counting, 60–65, 69–70, 72–73, 80–82
random variation, 17, 18, 20, 60, 255, 268
range (of variability), 18, 19, 51, 65
recharge (of aquifer), 3, 101, 281, 303, 311, 312, 321, 327, 330, 331
record keeping, 27, 29–31, 34, 51, 55, 66–68, 82–84, 142–144, 186, 242, 281
for compliance with regulations, 93, 99
automatic, 132, 168, 183, 191, 305, 335

refractive index model of permittivity, 113
relaxation (of dielectric), 103, 110, 111, 118–120, 129, 295
remote sensing, 4, 144, 304, 305
representative elementary volume (REV), 16–17, 23, 33, 263
resistance block, 203 see also gypsum blocks; Watermark
Richards Equation, 12, 14, 249, 253, 259, 269, 273
roots
crack tensiometer cups, 189
decay leaves macropores, 225, 257
extraction of water by, 51, 266, 281, 323, 331
and ZFP method, 323

runoff / runon, 13, 268, 303, 312, 313, 317–318, 322, 328, 330
and surface compaction, 51

sampling soil, 29–30 see also soil samplers
sand, sandy soil, 10, 51, 54, 63, 113, 137, 153
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scattering
Compton, 36–37
gamma ray, 36–40, 48
neutron, 43–49, 78

scintillation detector, 37–40, 41–42, 45, 48, 282
sealing (of soil surface), 13
Seebeck effect, 215, 221
Semi-variogram, 17–19
Septa see puncture tensiometers
sill, 18
silt, silty soil, 10, 60, 136, 229, 261, 268
snow, 82, 85, 88, 193, 312, 314
snowmelt, 13, 193, 313, 318
soil samplers, 26, 27–30, 32–33, 143–144, 251
large diameter, 35

soil water characteristic, 4, 10, 225–235, 240, 320
for estimation of water content, 266, 268, 308
for estimation of soil water potential, 323
field measurement, 231–234
and hydraulic conductivity, 241, 250, 262, 272–273
imposed status approach, 226
inverse methods, 243, 248, 253–254
mercury intrusion porosimetry, 228–229
monitoring approach, 225–226
osmotic control, 230
of porous matrix sensors, 203, 204
predictive methods, 235
tension table, 226–227
vapour equilibration, 229–230

soil water potential see potential
soil psychrometers, 214–218
calibration, 216
data acquisition, 217–218
design, 215–216
installation 216–217
principles, 214–215

dew point, 215
psychrometric method, 215

solute balance measurement, 63, 231, 304, 312–332
solute concentration measurement see also solute sampling
ceramic disc sensor, 294
electrical conductivity, 292–293
electrical resistivity imaging see electrical resistivity imaging
electromagnetic induction see electromagnetic induction

solute flux, 281, 284, 303, 306
measurement, 289, 290, 304–305, 310

solute sampling, 242, 283–291
centrifuge, 284–285
ionic solutions, 285
lysimeters, 287
pan samplers, 287–288
porous plates, 288–289
resin box samplers, 289–290
saturated & diluted paste, 285
suction samplers, 285–287
wick samplers, 289

sorptivity, 14–15, 274
measurement, 255, 263–265

spatial variability, 4, 16–20, 267
of hydraulic properties, 231, 257, 263, 320
of infiltration, 13 see also crusting; fingering
of solute concentration, 289
of water content, 27

dielectric methods, 112, 127, 142, 143, 149
with DPHP sensors, 151
by neutron scattering, 43, 51, 62, 64–65, 75, 77
of water flux, 289, 311, 313

of water potential, 231

specific water content, 14, 150, 287
sphere of importance, 46
stemflow, 13, 313, 318
stones, 51
problems caused in soil sampling, 27–28, 30, 33–35, 73, 241
problems for access hole construction, 39, 49, 55, 142, 177, 257
problems for rods of dielectric devices, 127, 144
water content of, 33

strain gauge, 198–199
surface tension
mercury, 228
water, 6, 167, 193, 220, 226

swelling and shrinking soils, 10, 23, 35, 77, 176, 228, 328

tensiometers, 10, 58, 82, 161, 214, 225, 231, 232, 234–235
air trap, 166, 174
body tube, 165
Bourdon gauge, 167–168, 181, 189, 192
construction, 173–176
cup, 164–165, 166, 173–174, 184, 234

air entry potential, 164, 197, 286
conductance, 163, 164, 190
contact with soil, 176–178, 196, 233
material, 162, 286
problems with, 187–189, 192, 193
size, 161, 164–166, 171, 225, 233, 242

deep measurements, 193–198
frost protection, 193
high-capacity, 214, 220–221, 231
in hydraulic conductivity measurement, 242–246, 254, 266–272
installation, 176–184, 194, 210
maintenance, 191–193
mercury manometer, 58, 166–167, 174–176, 178–181,

185–189, 192
osmotic, 218–219, 230
pressure transducer, 168–171, 181–184, 191–193, 230, 233, 286
puncture, 171–173, 184, 189–191, 233
quality control of data, 193
radiation shielding, 176, 179
reading, 185–191
sensitivity, 184–185
as suction samplers, 285
use in solute sampling, 288
water manometer, 166
in water & solute flux & balance measurement, 307–308, 321–325,

327–328
tension infiltrometer, 264–265
tension table, 226–227
thermocouple, 148, 151, 205, 214–218, 221–222, 307, 309
Theta probe, 101, 136–137, 139, 149, 205, 233
time domain reflectometry (TDR), 101, 112, 116, 119–129, 149,

151, 231
balun, 120, 122, 125
installation, 126–128
multiplexers, 128
rods, 121–126
Trime probes, 123–124
in water & solute flux & balance measurement, 325, 327
waveform analysis, 128–129

time domain transmission (TDT), 129–130
Topp equation, 112, 113
tortuosity, 12, 152, 153, 240, 293
tracers
dyes, 281
inorganic, 281
radioactive, 282
stable isotopes, 281–282

transect, 17, 18, 146–147, 297, 330
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transmission lines, 113–119 see also electromagnetic waves and TDR; rods
characteristic impedance, 115
in conductive and dispersive media, 118–119
effect of conductor resistance, 118
finite length, 115–116
short lines, 116–118, 118–119, 136

units, 7–10, 24
radioactivity, 90
stable isotope, 281–282
tritium, 282

unsaturated hydraulic conductivity see under hydraulic conductivity

vacuum chamber, 208–210, 225, 227
van der Waal’s forces, 7
vertisols, 7, 16, 319
volumetric water content, 23–24, 26, 30, 32, 34, 41
relation to mass wetness, 23–24, 30, 34
in stony soil, 32–34

water availability, 3
water balance, 305, 307, 308, 311, 312–332
and aquifer recharge see aquifer recharge
Darcy’s law methods see Darcy’s law
lysimeters, 325–328
tracer methods, 279, 280, 329–331
use for deriving hydraulic conductivity estimates, 272–273
water content measurement strategies, 50, 51, 61, 63, 65
ZFP method, 269, 321–325

water consumption of crops, 3, 313
water content see mass wetness or volumetric water content
water content measurement

calibration, 24–25 see also capacitance probes; COSMOS; gamma ray
backscatter; dielectric sensors; neutron probe; TDR; Theta probes,
water content reflectometer

capacitance methods see capacitance probes
COSMOS see COSMOS
DPHP see dual-probe heat-pulse sensors
ECH20 probe see ECH2O probe
electrical resistivity imaging see electrical resistivity imaging

electromagnetic induction see electromagnetic induction
gamma ray backscatter see gamma ray backscatter
gamma ray transmission see gamma ray transmission
GPR see ground penetrating radar
gravimetric method see gravimetric water content measurement
Hydra probe see Hydra probe
neutron probe see neutron probe
Profile probe see Profile probe
TDR see time domain reflectometry
TDT see time domain transmission
Theta probe see Theta probe
water content reflectometer, 130–131

water content reflectometer, 130–131
calibration, 131, 143–144

water density, 4, 9, 34, 41, 167
change with temperature, 4, 69, 226

water drum, 69
water flux, 12, 213, 279, 284, 303, 306, 319, 329, 331
direct measurement, 289, 291, 307–311
and measurement of hydraulic conductivity, 230, 239, 242–252, 266–273

Watermark sensor, 204–205 see also under indirect water
potential sensors

water potential measurement
Equitensiometers see Equitensiometers
filter paper method see filter paper method
gypsum blocks see gypsum blocks
heat dissipation blocks see heat dissipation blocks
high-capacity tensiometers see tensiometers; high-capacity
osmotic tensiometers see under tensiometers
soil psychrometers see soil psychrometers
tensiometers see tensiometers
Watermark see Watermark

water-repellency see hydrophobicity
water resources, 3–4, 303, 312, 331
water table, 184, 313, 326
Waxman and Smits equation, 153

zero flux plane (ZFP) method, 319, 321–325
Z/A ratio, 40–41
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Fig. 2.2 Soil water characteristic curves for three different soils.

Fig. 6.5 Schematic of a gamma ray transmission gauge.

Fig. 6.7 Schematic diagram of a gamma ray backscatter gauge.
Fig. 7.3 Combined neutron water content and gamma density
probe for surface measurement.

Soil Water Measurement: A Practical Handbook, First Edition. J. David Cooper.
© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.
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Fig. 7.4 Schematic diagram of depth neutron probe. Hypothetical
paths for a neutron which returns to the detector and one
captured in the soil are shown.

Fig. 7.7 Combined neutron and gamma density backscatter
probe.
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Fig. 7.17 Access tube arrangement to accommodate farming operations.
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Fig. 7.23 Calibration by removing constant volume samples during access tube installation. (a) The hole is cleared to the bottom of
the guide tube using an auger ground to have a flat bottom surface. A pin through a hole in the auger stem locates the bottom of the
auger with the bottom of the guide tube. (b) The hole is deepened by 150mm, using the pin in a second hole in the auger stem to define it.
The soil removed is collected. (c) The guide tube is knocked to the bottom of the pre-drilled hole, collecting the soil shaved from the
sides inside it. Marks on the guide tube indicate the correct depth. (d) The auger again clears the hole to the bottom of the guide tube and
the soil from the bottom is collected.

Fig. 7.26 Surface extension unit. Left – in the ground between reading occasions. Right – in use over an access tube.
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Fig. 7.30 COSMOS probe in centre foreground at Tonzi Ranch, California (USA). AmeriFlux eddy covariance tower is seen in
background at left and NASA AirMOSS soil profile monitoring station is shown in background at right. Photograph by Richard Cuenca.

Fig. 7.33 Volumetric soil water content for seven depth layers from NASA AirMOSS soil profile monitoring station (using Decagon
5-TE dielectric probe) at AmeriFlux Metolius site, Oregon (USA) for 2013. Precipitation captured in 15-min intervals on right-hand side
y-axis.
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Fig. 8.15 Wave propagation along a 1 m length of transmission line. The wave has a frequency of 100 MHz and a speed, v, of 108 m s−1,
so that it travels 0.1 m in 1 ns. The curves have the equation A= cosω t−x

v= Þð , where ω = 2π × 108 s−1.

Fig. 7.34 Soil temperature for seven depth layers from NASA AirMOSS soil profile monitoring station (using Decagon 5-TE dielectric
probe) at AmeriFlux Metolius site, Oregon (USA) for 2013. Periods of dampened diurnal fluctuation are evidence of snow cover over
the soil profile.
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Fig. 8.39 Sentek EnviroScan capacitance probe system showing the two cylindrical electrodes of each sensor unit. The printed
circuit board of each unit is located inside the rings, with the main control board at the top. The ribbon cable connecting each sensor’s
printed circuit board to the main control board runs behind the plastic partition between the sensors. In operation, the
complete assembly is placed inside the plastic access tube, the top of which can be seen protruding above the ground surface.
Photograph reproduced with permission of Sentek Pty, Australia.

Fig. 8.57 Ray paths for GPR-generated waves in a layered medium. (a) Reflection from an interface and a buried object with no
separation between antennae. (b) Reflections and refractions at interfaces with separated antennae The permittivity of the lighter-
coloured layer is lower than that of the darker one, and so the speed of the wave is greater and it is refracted towards the interface in
the lighter-coloured material. (c) At greater antenna separation, a critically refracted wave can travel through the faster medium and
may reach the receiving antenna before the ground wave.
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Fig. 8.58 Common configurations for separated antenna measurements using GPR at the ground surface.

Fig. 8.59 Estimating depth of a buried object and permittivity
using moving antennae.

Fig. 8.60 Borehole GPR configurations.
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Fig. 10.3 Two possible arrays of electrodes for performing ERI measurements, one set measuring from the surface, whereas the other
between two boreholes. The four-electrode array with separate current and voltage electrodes minimises errors resulting from poor
contact between the electrodes and the ground.
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Fig. 10.6 Example of a two-dimensional resistivity survey tracking irrigation from a hosepipe in one section of the area and the
subsequent redistribution (Loke, 2012 from data of Barker and Moore, 1998). Reproduced with permission of Dr. M H Loke.
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Fig. 12.9 Three designs of tensiometer with the pressure transducer mounted close to the porous cup below ground level. (a) A simple
design that must be removed and disassembled to refill. (b) A design devised by UMS GmbH, which can be purged and refilled in situ
using two hypodermic tubes. (c) A design incorporating the principles of the ‘advanced tensiometer’ (Hubbell & Sisson, 1998). The
transducer and gasket can be lifted out of the gasket throat by the inner support tube, allowing water in the outer support tube to refill the
tensiometer.
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Fig. 12.13 A mercury manometer tensiometer.
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Fig. 12.21 Three ways to fill a purgeable pressure transducer tensiometer. (a) Gravity filling from a water reservoir. (b) Injection of
water from a syringe. (c) The preferred method – filling by application of a suction.

Fig. 12.23 A data logger setup for recording readings of pressure transducer tensiometers. Three transducers are shown, but usually
there will be more, together with other instruments (e.g. raingauge, dielectric soil water sensors), a solar panel, etc. All should be
connected using waterproof connectors rated to at least IP64. An unobstructed atmospheric pressure reference to the transducers is
important while maintaining dry conditions to avoid spurious data and electronics malfunctions. An alternative arrangement for
transducers with a separate vent tube is also shown.
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Fig. 12.32 Arrangement for installation of several embedded
tensiometers in one borehole.

Fig. 14.1 Components of a soil psychrometer.

Fig. 14.6 Arrangement of thermocouples in a soil psychrometer.
Copper leads from the primary thermocouple to the measuring
instrument eliminate voltage differences caused by the leads. The
measured voltage is proportional to the difference in temperature
between the primary thermocouple junction and the reference
junctions with the copper leads. The auxiliary copper–constantan
thermocouple measures the difference in temperature between the
measuring instrument and the thermocouple cavity.
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Fig. 18.3 Guelph Permeameter. Photograph reproduced with
permission from Soilmoisture Equipment Corporation.

Fig. 20.6 Schematic of a resin box sampler. The resin may be of a
single type, mixed anionic and cationic or in layers of
different kinds.

Fig. 20.7 Installation arrangements for different solute samplers
from an access pit. From top, suction sampler, pan sampler,
porous plate, wick sampler and resin box.
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Fig. 21.5 Sensitivity of measurement with depth for EMI dipole orientations vertical (ϕv – horizontal coils), horizontal (ϕh – vertical
coils) and perpendicular (ϕp – horizontal transmitter and vertical receiver coil), with cumulative upward values, Rv, Rh and Rp. Note
that depth is expressed as the ratio of depth below the coil plane to the spacing between the coils.

Fig. 24.7 Evolution of the water balance of a soil profile over the course of a year. ZFP positions, where the gradient with depth is zero, are
indicated on the hydraulic potential graphs by horizontal lines.
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