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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 employing me 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 Steve Wellings, the late Sam Boyle,
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 the manuscript, 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 the weather 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
with many 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
e Estimating irrigation requirements
¢ Optimising the quantity and timing of fertiliser or pesti-
cide applications
e 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 wunsaturated 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.
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4 CHAPTER 1

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 to mimic 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 mentioned mean 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 10'2, 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™ and 9.8 ms~>, 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 a meaning-
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 quality may be difficult
to assess.

This book is not, however, about modelling, 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:

e 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.

e To supply data to drive the model, for instance, rainfall
and other meteorological information.

e 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 the methods 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 jargon words in the hope that readers will
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 the water 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
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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.
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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 of water 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 as water 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=—%cos¢ (2.1.1)

where

P is the pressure difference;

y is the surface tension between water and air (about 7.3 x
102N m™);

r is the radius of the tube, and

¢ is the angle at which the water surface meets the
tube wall.

Thisisknown as the angle of contact and is a measure of the
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 the water will rise up a capillary tube until the weight
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 ¢ is equal to
1 and so Equation 2.1.1 reduces to

R
=4

p- (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 become smaller, 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
associated with low water contentsheld in the smallest pores,
while smaller suctions (higher pressure) are linked with
greater water contents, as progressively 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
the atmosphere). Toremove more, ever greater suctions must
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 suction with which itis held. This
is called the soil water characteristic (see Section 2.1.2) 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.

© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.
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Fig. 2.1 An idealised cylindrical pore.

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 be measured 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
3 m 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 pm. 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 -6 MPa (-60 bars) have been measured.

Fifthly, some soil materials are water-repellent. In this
case, ¢ is greater than 90°, cos ¢ 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 | kg’

This is not, however, a very common way to express soil
water potential, and partly for convenience and partly for
historical reasons, one of two other units is normally used.
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One alternative quantity for the unit amount of water
would be a unit volume (cubic metre — m®). Since water is,
to all intents and purposes, incompressible with a density,
P, of close to 1000 kg m~3, then this is completely equivalent
to a mass definition, except that it involves the density of
water, so that a volume, v, has a mass of p,,v. This way of cal-
culating potential is not usually expressed as joules per cubic
metre, or Jm™2, however. Energy can be defined as a force
(dimensions of [MLT2]) multiplied by a distance (dimension
[L]), and a volume has dimensions [L%]; hence, energy per unit
volume has units of force per unit area, which is a pressure
(dimensions [ML™'T~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 ST 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 9.8 m s™' 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
vpwg. For this reason, length or ‘head’ units will be used
in this book.

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

Then

wy="Y W (2.13)

8  Pwé&

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 pbar (dynes cm2) 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
—=h. 2.1.5
2 (2.15)

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

(2.1.6)

Wm 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 the matric 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 the water must be moved 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

(2.1.7)
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The potential, y,, is the negative of this, since the defi-

nition requires water to be put into the soil:

o= -E--z. (2.1.8)

wg 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 pure water. 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, y, 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, y,.

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 surface may
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, v, can
be identified as contributing to the overall water potential.
We will not be much concerned with 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:

Y=Y W W W, Y. (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, yy,. 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 associated with 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.
We would 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
system which causes more water to remain in the soil when
the conditions change from wetting to drying. The
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Fig. 2.2 Soil water characteristic curves for three different soils.
(See insert for colour representation of the figure.)
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Primary drying curve:,-".

Scanning curves

Primary wetting curve

Volumetric water content, &

Matric potential, v,

Fig. 2.3 Hysteresis in soil water characteristic.

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 the movement
of water within the soil body.

2.2.1 Hydraulic conductivity

In most 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 Az in the
vertical direction with a volumetric water content of
will contain water with a weight 0p,,gAAz. The pressure
on the upper side of this volume will be y,(z) and that
on the lower side is y,(z + Az). This acts on an area of
water equal to 0A. The net force in the z direction is,
therefore, OA[wm(z) - wm (2 + Az)] + OpwgAAZ.

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

Area of water exposed

Area of surface = A on surface = A

Az

%

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

Wmlz) = wmlz + Az) as dy/dz Az, then Darcy’s law can be
written as

dy
q=-K4 (2.2.1)

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

The quantity, g, 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 [L?], divided by time [T], which gives
[LT™!], which is the same as a velocity. For this reason, it is
sometimes called the Darcy velocity. However, it is not the
actual speed of water flow, which is, on average, equal to gé.
Because we expect water to move faster in larger pores than
in small ones, some of the water will be moving much faster
than g6, 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
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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, g, 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 + 6z), as shown in Fig. 2.5. The rate of increase in
total water content, M, is, therefore,

oM

r =Aq(z)-Aq(z+62). (2.2.2)

Now, M is equal to the volumetric water content, §, mul-
tiplied by the volume of the slab, Adz, and ¢(z + 6z) may be

written as q(z) + <§—Z) 6z. Then (2.2.2) becomes

20 oq
A(SZE =A(q(z)—q(z)—géz), (2.2.3)
which simplifies to
200 aq
i (2.2.4)

Water flux in=gq
Volume of waler in per unit time = gA

z
Irhickness &z
Z+ 0z

Area = A
Volume = Adz

Total water
storage,
M= qAdZ

Water flux out = g(z + 42)
Volume of water out per unit time = g(z + 5z)A

Fig. 2.5 Water entering and leaving a thin slab of soil.

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 g from Darcy’s law, Equation 2.2.1, into the
equation of continuity, Equation 2.2.4, then we obtain

3 o[ oy
». ‘E(_K$)’ (2.2.5)
and if we write y =y, + wg =y - z, then we get
0 3 ([ [oyn
0 3 (cPra]) o

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
application may 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 behave
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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 very much 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 in many 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 the more 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 irrigation water into the soil is affected
by many factors. Among these are:

e 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, often channel water down their stems as stemflow,
leading to enhanced infiltration close to the plant and con-
sequently less elsewhere. The canopy of these plants also
often modifies the input to the ground surface, as water 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.

e 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, infiltration will be
greater.

2.3.2 Non-uniform transport within the soil

¢ Fingering: Although not completely understood, finger-
ing is a form of instability which may 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, down which the dense lig-
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 coated with 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 -15 mm 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-
tionship between water potential and water content, it should
be clear that, in a homogeneous soil, water flow can be
thought of as occurring in response to a gradient of water con-
tent. In this case, the appropriate constant of proportionality
is called the diffusivity, D, that is, in the absence of gravity:

q=—D%.

o (3.1.1)

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

dyp,
D=KW.

(3.1.2)

The inverse of the quantity dy,/d0 (d9/dy ) 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

dK 90
-0 5 (3.1.3)

5 PO

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

Ym

0
M) | Kl - | DO (3.2.1)

-0

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:

t
I=J idt=St"2 + Agt + Agt3 2 4w Apt™? 4
0

(3.3.1)

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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where

S is the sorptivity and
the terms A, 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:

T
Ihoriz. = J l.horiz dt= St1/2~ (332)

0

The early stages of wetting 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

O
S=J zt'/2de. (3.3.3)

0;

In this equation, the integration is made over the range
between the initial and final water content, and zt'/? is the
combination of depth, z, and square root of time, '/, where
the water content is equal to 6.

The terms involving A, 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, and much
effort has been expended in trying to express it in terms of
more familiar variables.

Some approximate relations are

D(6,) =

782 (ef-el- 0
(

9 (logs?)- 17
4(9f—01-)2 1+7)1083801 (logS ) 1+J/) (3.3.4)

and, where the final water content is saturation

5- [o[ €-000,,)

o (3.3.5)

i

These both contain an unknown variable. In the case of
(3.3.4), the weighting parameter, y, 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(0R) 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 those materials. 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
e The scale at which the measurements are to be used
e The degree of spatial variability
e The desired level of accuracy in the measurements
e 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
factors mentioned 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 lig-
uid water (100% water content). It is clear that we can move
our measurement position by a very short distance — less
than 1 mm - 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, these would
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 1 m 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

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

Spatial Variability 17

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 some well-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. There may 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 that measure-
ments of any quantity made at two different points are
likely to be more 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

1
Fin= 573 (/) -y (i +1m)? @3.)

j=1

where

ym is the semi-variance at lag m;

1is the number of pairs of observations used to calculate the
semi-variance and

ylj) 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 lagn - 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 I is greater
than about 6. Moreover, since we need to construct a graph
of y,, versus m, we need several values of m, say, 10, to be
able to define a reasonable curve. We need, therefore, a min-
imum of 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 in more than one direction, then the num-
ber of points required will 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 the measurements, 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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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.

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 uncorrelated with
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 no matter how close to one another we make measure-
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,
to make measurements 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 estimates made on this basis. It is also difficult, as men-
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 ¢
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-
fined tojust one part, afundamental change in soil properties
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, the measurements 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 check whether they are caused by meas-
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
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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
for mean, 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 0.5 m, 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 position X can be estimated
from a linear combination of values of A measured at n
sampling points as

AY(X) = LA (4.3.2)

Boundary of
area of interest

Fig. 4.2 Hypothetical area for kriging. Closed circles represent
points where measurements are available. It is required to estimate
the value at the open triangle, X.

where
the asterisk denotes an estimated quantity;
4; is the weight attached to the measured value at point
x;, and
A; is the measured value at point x;.
To ensure that the estimate is unbiased, all the values of
2; must add up to one:

(4.3.3)

n
le: 1.
i=1

The error associated with this estimate of A is given by

e=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 &) is not known, but,
knowing the semi-variogram, the likely spread of values
can be estimated. As often, the best estimation of A is taken
to occur when the average of the squares of the error, ¢, 67,
has its least value. In this case, 6> is given by

(TZ = AVg(A —A*)Z = Ziﬂl‘}’(]’lj) - iiljﬂj}/(dﬁ) . (435)
i=1

1 -1

Here
h; is the distance between X and x; and
d;; is the distance between x; and x;

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

r(ma)=yy (4.3.6)

To minimise 62, the partial derivative of Equation 4.3.5
is taken with respect to each variable A; and set equal to
zero. This does not, unfortunately, lead to a unique set of
values for the 4. To resolve this, an extra variable, 4, known
as a Lagrange undetermined multiplier, is introduced.
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n
We note that Z/lj—l=0, so adding a quantity
=1

n
M(Z/M - 1) to Equation 4.3.5 will not make any difference.
-1

So this now becomes

n

o= Zilj}/(h) —Ziﬂiﬂj}/(dﬁ) +U (iﬂj— 1) . (43.7)
i=1 1

I=1 j=1

Differentiating this equation with respect to each 4;
leads to a set of n equations of the form

2(hi)- > Ay (dij) +u=0. (4.3.8)
j=1

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

Note that each one contains y(d;;), which is y(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 Is.
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, 4;, 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). This would 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 of measured 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).



FOR REFERENCE PURPOSES ONLY

Part Il Water Content



FOR REFERENCE PURPOSES ONLY



FOR REFERENCE PURPOSES ONLY

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, we might 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, and we want to know what 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
cubic metre of soil. This is normally written either as a frac-
tion or as a percentage in m® m™>. This form is called the
volumetric water content and is usually given the symbol,
4. An alternative name for @ is moisture volume frac-
tion (MVE).

2 Themass (or volume) of water contained within a REV per
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™'. This form is called
the mass wetness and is usually assigned the symbol, w.
Sometimes, water content according to this definition is
described as gravimetric water 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 @ 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, V,,,
a volume of air, V,, and a volume of solid, V:

Soil Water Measurement: A Practical Handbook, First Edition. J. David Cooper.
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Vw+Va+Vs=V. (5.1.1)

Or, dividing by V:

Vw Va Vs
v v v U

(5.1.2)

Now (V4/V) =6, the volumetric water content, and we
can similarly define (V,/V) = 0,, the volumetric air content.
We could also call V,/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,
¢, is defined as 1-(V,/V), giving

0+0,+1-¢p=1, (5.1.3)

which reduces to

0+0,=0, (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=Vyp, + Vep, (5.1.5)

where
pw is the density of water (1000 kg m
ps 1s the particle density.

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

-3), and

M=Vyp, + Vpq. (5.1.6)

Comparing Equations 5.1.5 and 5.1.6, we see that

Veps = Vpy (5.1.7)
and, since 1-(Vs/V)=¢

Pa

A _q_o. 51.8

Ps ’ ( )

Now the mass of dry soil is Vpg and that of water is
Vpuw8. So

we YPwl _put

: 5.1.9
Voa  pa ( )
or
9= (5.1.10)
Pw

Because of the potential for confusion and serious error
arising from different ways of expressing water content, it is

recommended that the basis of calculation is always speci-
fied and/or that explicit units (e.g. m® m~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 m® m™ 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 and methodology 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 naive 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 of mass 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.

e 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 various methods for measurement 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 the most 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 (<150 mL), 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.

© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.
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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 0.1g

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 the world. By no means 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 sampleris 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 as well as those at the sample edges.
Onthe otherhand, it makes subsequent handling of the sam-
ples more difficult 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 50 mm diameter and 50 mm high are a popular
choice. These have a volume of 98 mL. 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 the more 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
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Drive head for hammering
the sampler into the soil

and/or retaining the

sliding weight
Handle and sliding
weight guide

Catch to retain sliding weight

Sliding weight to drive
sampler into the soil

Air vent

Space to accommodate
excess sample above
Sampler should screw sleave
apart in one of these
places to allow

removal of core

Removable sleeve
to collect core

Sharp cutting edge
bevelled on the outside.
Inside diameter slightly
smaller than that of the
core collecting sleeve

Fig. 6.1 Soil core sampler features.

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 to machine 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 thin walled. 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 as well as accommodating
a separate sample sleeve.
3 Aremovable 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 (1-3 mm, 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 to mini-
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 space may 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 sleeves may be made of any suitable material.
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 plastic membranes 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
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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.

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 to mate with a hydraulic push device or mechan-
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 is much more 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
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retaining sleeve already has a separate ring at the top for
this purpose, this would be zero, otherwise 10 mm 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 it may 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 sample may have become compacted
asitentered the sleeve. This may 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
independently measured 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. This will
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FIELD |DATE: TIME: OPERATORS:
LAB |DATE: TIME: OPERATORS:
A B C D E F G H | K L M N o P Q R
Mass Mass Mass
Mass | Mass | Mass Mass wet Mass dry Mass of Volumetric
Sample | Sample| in core wet |Mass| wet |sample|Mass| wet |sample| dry |[water|Volume| Mass water Dry bulk
Depth no. id field | sleeve | sample |in lab|sample | + dish | dish | sample | + dish | sample | lost | of core | wetness | content density
=D-E =G-E =1-J =L-J|=1-L =N/M =N/O |=M/O X1000
m g g g g g g g g g g m | kgkg™" | mZm> kg m™
0.2 1 AX1 |566.4| 392.5 | 173.9 |566.1| 173.6 | 781.3 |607.4| 173.9 | 757.3 | 149.9 24 98 0.160 0.245 1530
0.2 2 AX2 |581.3| 387.6 | 193.7 | 581 | 1934 | 818.6 |625.3| 193.3 | 790.8 | 165.5 | 27.8 98 0.168 0.284 1689
0.2 3 AX3 |597.7] 402.8 | 194.9 |597.9| 195.1 | 832.9 |638.1| 194.8 | 8074 | 169.3 | 25.5 98 0.151 0.260 1728
0.2 4 AX4 |602.1| 401.7 | 200.4 |601.8| 200.1 | 821.7 [621.7| 200 796.7 175 25 98 0.143 0.255 1786
0.2 5 AX5 |575.8] 395.2 | 180.6 |575.5| 180.3 816 |635.9| 180.1 | 791.1 | 155.2 | 24.9 98 0.160 0.254 1584
0.2 6 AX6 |583.9| 398.3 | 185.6 |583.8| 185.5 | 832.5 |646.8| 185.7 | 809.1 | 162.3 | 23.4 98 0.144 0.239 1656
Mean| 0.154 0.256 1662
Standard deviation| 0.010 0.016 94
Standard error | 0.004 0.006 38
Correlation coefficient 0.360
0.4 1 AX7 |588.6| 399.2 | 189.4 |588.4| 189.2 | 802.6 |613.5| 189.1 | 773.0 | 159.5 | 29.6 98 0.186 0.302 1628
0.4 2 AX8 [592.5| 401.3 | 191.2 |592.4| 191.1 | 829.5 |638.2| 191.3 | 801.0 | 162.8 | 28.5 98 0.175 0.291 1661
0.4 3 AX9 |574.3| 404.5 | 169.8 |574.1| 169.6 | 787.0 |617.6| 169.4 | 758.9 | 141.3 | 28.1 98 0.199 0.287 1442
0.4 4 AX10 [523.2]| 396.4 | 126.8 |523.2| 126.8 | 751.1 [624.4| 126.7 | 731.1 | 106.7 | 20.0 98 0.187 0.204 1089
0.4 5 AX11 |585.8]| 392.8 | 193.0 |585.8| 193.0 | 819.5 [626.8| 192.7 | 791.6 | 164.8 | 27.9 98 0.169 0.285 1682
0.4 6 AX12 [594.3| 397.1 | 197.2 |594.2| 1971 | 816.5 |619.5] 197.0 | 788.8 | 169.3 | 27.7 98 0.164 0.283 1728
Mean| 0.180 0.275 1538
Standard deviation| 0.013 0.035 241
Standard error| 0.005 0.014 98
Correlation coefficient 0.886
. Mean| 0.178 0.289 1628
Excluding sample Standard deviation [ 0.014 0.008 110
AX10 Standard error | 0.006 0.003 49
Correlation coefficient —0.955
0.2 m depth 0.4 m depth
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Fig. 6.3 Suggested form for recording the collection and processing of gravimetric samples.

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.
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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 the mass 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,
my, should be calculated by subtracting that of its
container(s). Then that of the dry sample, my, by the same
process.

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

_ myg—13
6=~ (6.2.1)
The dry bulk density is also given by
114
=—. 2.2
Pa= (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 compared with the volume taken by 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 1 m, 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 see what 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 samples may be the best plan. This may 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

Water may 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 are more 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 100 mL 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 evaporation will 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 the water in the soil may 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 2 mm, 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
9=ff9f+fct957 (631)
where
f is the volumetric fraction of fine material;
0; is the volumetric water content of the fine material;
f. is the volumetric fraction of stones, and
6. 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 stone multiplied
by the density of water (1000 kg m™3). Porous stones must be
coated in an impervious material, 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 the mass of the coating
material will have no effect on the result, although the thick-
ness of the coating will have a very small effect. The mass of
the stone (dried on a paper towel or similar) should be checked
after the procedure to ensure that no water 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 form avoids 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 high water 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 high water content, so a negative correlation may
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 volumetric water 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

The major problem in measuring 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 separated measurements. There may
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
collected will 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,
the magnitude of the uncertainties can be both reduced and
estimated better by making use of the methods 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
situations where 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 digging with a spade
or trowel. This gives more opportunity for loss of material
from the trowel or by wind. To minimise this, it isimportant
that a plastic sheet be spread on the ground around the work-
ing area to catch any spilt material. If water content is being
measured, loss by evaporation (or gain in rainy conditions)is
alsomore likely than by core sampling. Where appropriate, 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 **'Am and
137Cs. These are isotopes of Americium, an artificial ele-
ment, and Caesium, which are relatively long-lived gamma
ray emitters (>*' Am has a half-life of 432 years and '3’Cs of
30 years). 2*'Am emits gamma rays with an energy of
60keV, 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. >*! Am is, therefore,
useful only for laboratory studies while most field instru-
ments employ '¥’Cs sources, usually of about 40 MBq.
The relatively small size of the source and moderate 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 the material (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.

Itisusual touse electron volts (€V) as the energy unit in deal-
ing with radiation rather than joules used throughout most of
the rest of science. One electron volt is 1.602 x 107?J. It is the

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

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, E,, of hy, where h is Planck’s con-
stant (6.626 x 1034 Js or 4.135 x 107'° eV s) and v is the fre-
quency of the electromagnetic wave. Frequency is related
to the wavelength of the electromagnetic wave, 1, by

(6.5.1)

v=—,

A

where c is the speed of light in vacuum (3 x 108 ms™}).

Although having no mass, a photon has momentum of
E,/c.1f 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, E,
and momentum of E;/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 E; and momentum
E»/c and have been deflected through an angle 6. The elec-
tron will have a kinetic energy of T, a momentum of p and
be travelling in a direction at an angle of ¢ 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 Yamv* and momentum being
mv do not hold.

Applying conservation of energy to this case, we obtain

El =E2+T. (652)
Gamma ray Electron
Energy E, .

Momentum E,/c
Before collision

Energy E,
&\Momentum E,/c

Energy T

Momentum p

After collision

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

E, E
2L _2cosf+p cosgp (6.5.3)
c c
and similarly at right angles to this direction,
E, . .
?smﬂ—p sing =0. (6.5.4)
The relationship between kinetic energy, T, and

momentum for a relativistic particle of rest mass, m, is

» T2
D =C—2+2Tm. (6.5.5)

These four equations contain five unknown quantities:
E,, T, p, 0 and ¢. 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 6, the angle
through which the photon is scattered. Application of
simple algebra then leads to

E1m02

Ey=——— —— .
2T me? +E;(1-cosf)

(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, 6, than
for one of lower energy. Electronic collimation is, therefore,
more effective for the higher-energy gamma rays of '3’Cs
than the lower-energy ones of 2*'Am.

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) to work. 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 '3’Cs) 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 is measured when 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 ¥’Cs
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=Ipe+d (6.5.7)
or

_In(lp/I)

-2 (6.5.8)
where

Iy is the intensity of gamma rays detected in air at the same
source-detector spacing and
u 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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and memory unit

Combined transport
case and access

tube mount : :
. Suspension wire

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

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
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Fig. 6.6 (a) '*’Cs 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).

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
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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 p is calculated according to Equation 6.5.8 so that
the proportional error in measurement of x4, 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, Iy, varies according to the inverse square of
the distance between the two, which compounds the error
in measurement of p.

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 1 m or more. Excavation of the tubes at the end
of the experiment would allow the parallelism to be checked
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 '3”Cs source, which can be lowered to a maximum
of about 0.3 m in a small hole in the ground. The detector,
usually a Geiger counter, is contained within the housing of
the gauge, which is placed on the ground surface. The meas-
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 to measure 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
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52 processing and memory
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mount and
radiation shield

Fig. 6.7 Schematic diagram of a gamma ray backscatter gauge.
(See insert for colour representation of the figure.)

can often also be used for measurement of water content by
a neutron probe. The probe used normally has a gamma
source (¥’Cs) mounted about 150 mm 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. The mode 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 75 mm from the
source — detector axis, with 50% of the contribution from
within 25 mm (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
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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 500V, then it
would be sensible to choose 550 or 600V 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-
Iyser, 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 the window mode, 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. There will, 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 a molecular weight 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 the Z/A ratio. By measuring 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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pa=p-0, (6.5.9)
the apparently higher density of water as detected by the
gamma probe means that the appropriate equation to use is

pa=p -1.110 (6.5.10)
where p* 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
and material 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 600 mm diameter and 600 mm high. To
avoid complications caused by water movement and also
corrections for the hydrogen Z/A ratio, it is best to use
dry materials, 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 probe measures 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

pd+1.116’=2.60—1.61(10.068)R£ (6.5.11)

w

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

For values of pq of 1500 kg m™ and 6 of 0.3, this implies
an uncertainty in the wet density of soil, p, of about
70kgm™.

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

-1.21
pa+1.110=3.29 (R—) (6.5.12)

w

with a correlation coefficient of 0.97 explained his data,
implying an uncertainty in wet density of about 100 kg m .

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 indirect methods. 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 the window 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
density work usually use sodium iodide crystals doped with
a small amount of thallium [Nal (T1)] 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
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flash is proportional to the energy of the original photon.
A 25 mm diameter x 25 mm 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 time multiplying 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 to measure 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.

Photocathode
Focussing

e[e;:(trode/‘g,econd dynode

/ Photomultiplier tube
Na(/T!J crystal First dynode
with reflective
cover

+1000V 1 MQ

Photocathode
irst dynode

EHT unit, pulse [~ ""
height analyser
and counter unit

Dynode chain
resistors

Fig. 6.8 Construction and wiring arrangement of a scintillation
detector.

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).
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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 0.3 m apart for surface sam-
ples and at least 1 m 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 same point repeatedly would, therefore,
offer many advantages. It would be even more 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 easy method.

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 use world-
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 neutrons with 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 a means
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 slow neutron 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 the mass of the neutron is m and its initial velocity is v,
then its kinetic energy before the collision, E, is (1/2)mv?
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 both move along this line after
the collision.

Conservation of energy gives:

1 1 1
Emy2=imu12+EMV12 (7.1.1)
and conservation of momentum gives:
my=mv; + MV, (7.1.2)

where v, and V; 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:

i
=

v (7.1.3)
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Fig. 7.1 Head-on collision between neutron and atomic nucleus.

and the loss of energy by the neutron, (1/2)m(v*-1}), is:

M
E-E -4—2"
(m+M)

(7.1.4)
where E; 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, v, 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, thisisin
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 4.5 MeV) 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 for most other
common soil elements. The cross-section is the equivalent
area presented by a target nucleus to the incoming neutron

08rH (1)
!

€125 (16)

Si (32)

0 5 10 15 20 25 30 35 40
Atomic weight of nucleus, A

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 10728 m?), 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 elements can exert a powerful
influence even in trace quantities. 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
(> Am) and Beryllium-9 (’Be). >*' Am 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 (*2C) and a neutron.
Neutron energies lie in the range 2-6 MeV. The half-life
of 2! Am 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 Americium produces gaseous products,
which increase the internal pressure in the source and may,
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 lithium nucleus absorbs
aneutron, 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 gamma probes, which measure both den-
sity and water content (Section 7.2.3).

Proportional counters containing either °BF; (Boron
trifluoride) or ®He (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 '°B an alpha particle is released (as for °Li), while
the neutron absorbed by ®He 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. ®He detectors are sensitive to more energetic
neutrons than °BF; ones and so give higher count rates,
allowing smaller neutron sources to be used, typically
37 MBgq, 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 °BF;
counter, meaning that the instrument is more likely to
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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 500 mm or more in very dry soil. This has three
consequences.

e 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 to make the neu-
tron probe method robust.

e 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 100 mm. 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 500 mm away, while if the probe is in a wet layer, it
will respond to the dry soil only when it gets within about
150 mm of it.

¢ The effective volume over which water content is aver-
aged varies, sometimes very markedly, as the water 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 100 mm.
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. 100 mm. 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

Handle to lower
y-ray source

Display

Y
Combined
neutron and y-ray 842
21 Am-Be detector (some models
fast neutron |have separate detectors)

source
Ground surface

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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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.)

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.

Fig. 7.5 A neutron probe in use in the field. © NERC (CEH).
Reproduced with permission.

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.
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Fig. 7.6 Schematic electronic arrangement of a neutron probe.

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 ps. 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 ®He 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
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case, access tube mount
and radiation shield

Ground
surface

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

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



FOR REFERENCE PURPOSES ONLY

Neutron Scattering 49

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 in which 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 allow most 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 to withstand 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 the most appropriate choice.
It is reasonably cheap and widely 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 10 m in a pre-formed hole in most soils.
The inside diameter of the tube should be 3-10 mm 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 45 mm (1 3/4") outside diameter tube with this
wall thickness is widely available and suitable for use with
probes of diameter 38 mm (1 4"). 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"

(50.8 mm) 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 so will
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, lengths may 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:
o The water table may rise unexpectedly above the bottom
of the tube. Unreliable readings will be obtained as a result.
Damage to the probe may occur if it is immersed in water 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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Fig. 7.8 (a) Locking cap for access tube security. (b) and (¢) 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.

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 tube while 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, tubes must be inserted to depths of
10 m or more. Supply, transport and handling of a tube of
this length are all difficult — 6 m 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

Access
| " tube
25 mm Neutron
approx. — probe
! |
75 mm 3Tmm
i Joining
piece
Access
! L tube

38 mm

— 39mMm ———
«~—41.6 mm approx ——
«— 445mm

1.3 mm approx.

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

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