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FINITE ELEMENT ANALYSIS OF UNSATURATE6 FLOW 

THROUGH SOLID WASTE MATERIALS 

G e n e v i b e  S6go1, Bech te l  C i v i l  and M ine ra l s ,  I nc .  

San Franc isco ,  C a l i f o r n i a ,  U.S.A. 

ABSTRACT 

The d i sposa l  o f  s o l i d  waste m a t e r i a l s  produced b y  coa l -bu rn ing  u t i l i t i e s  

r e q u i r e s  a d e t a i l e d  env i ronmenta l  impact assessment. Th is  paper i l l u s t r a t e s  

how numer ica l  a n a l y s i s  can be used as p a r t  o f  t h e  o v e r a l l  des ign  and l i c e n s i n g  

process t o  assess t h e  impact on ground'water o f  leachates  e m i t t e d  by  a waste 

p i l e .  

th rough t h e  s o l i d  waste and t o  a pa ramet r i c  s t u d y  e v a l u a t i n g  t h e  s e n s i t i v i t y  

o f  t h e  f l o w  c h a r a c t e r i s t i c s  t o  v a r i o u s  i n p u t  parameters.  

The r e s u l t s  p e r t a i n  t o  t h e  a n a l y s i s  o f  sa tu ra ted -unsa tu ra ted  f l o w  

INTRODUCTION 

The d\ isposal  o f  s o l i d  waste m a t e r i a l s  produced a t  e e c t r i c  genera t i ng  

s t a t i o n s  i n  t h e  Un i ted  S ta tes  r e q u i r e s  a comprehensive program of da ta  

c o l l e c t i o n ,  t e s t i n g ,  and a n a l y s i s  i n  o r d e r  t o  comply w t h  f e d e r a l  and s t a t e  

r e g u l a t i o n s .  A t y p i c a l  600 MW s t a t i o n  b u r n i n g  b i tuminous  coa l  generates 

approx ima te l y  500,000 tons  o f  waste p roduc ts  pe r  yea r  which may have a 

cons ide rab le  env i ronmenta l  impact i f  proper  measures a re  n o t  taken. One 

method o f  waste d i sposa l  c o n s i s t s  o f  s t o r i n g  t h e  waste above t h e  ground a t  

s p e c i a l l y  prepared s i t e s .  

s e q u e n t i a l l y  over  t h e  t h i r t y - y e a r  l i f e  o f  a t y p i c a l  p l a n t ,  c o v e r i n g  n e a r l y  

700,000 m (172 ac res )  w i t h  an average h e i g h t  o f  12 m (40 f t ) .  

p r e p a r a t i o n  c o n s i s t s  o f  de te rm in ing  t h e  ground-water l e v e l s ,  removing 

v e g e t a t i o n  and t r e e s  f rom t h e  d i sposa l  grounds, f i l l i n g  l o w - l y i n g  areas w i t h  

s o i l ,  and c o n s t r u c t i n g  d i kes  and sediment ponds t o  c o n t r o l  sur face-water  

r u n o f f .  S i t e  p r e p a r a t i o n  may a l s o  i n c l u d e  procedures t o  c o n t r o l  s tand ing  

water  and i n s u r e  t h a t  t h e  s o l i d  waste i s  k e p t  on d r y  ground. A f t e r  t h e  s i t e  

P repara t i on  has been completed, t h e  waste i s  spread, compacted b y  a bu l l doze r ,  

Reprinted from The Science of the Total Environment, 21 (1981) 353-362 

Such l a n d f i l l s  a r e  b u i l t  i n  stages which a re  p laced 

2 S i t e  
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and sloped to maintain a proper drainage. 

the final grade, it is covered with an impermeable layer to Prevent 

infiltration from precipitation. 

disposal procedures are summarized in Figure 1. A typical waste pile 

configuration is shown in Figure 2. 

overall design and licensing process to assess the impact on ground water of 

leachates emitted by a waste pile. 

saturated-unsaturated flow through the solid waste and to a parametric study 

evaluating the sensitivity of the flow characteristics to various input 

parameters. 

When the solid waste pile reaches 

The site preparation and solid waste 

This paper illustrates how numerical analysis can be used as part of the 

The results pertain to the analysis of 

FINITE ELEMENT ANALYSIS 

The disposal pile was idealized as a 13 meter-(44 foot-) high, 

two-dimensional column of unsaturated porous material, discretized into 150 

quadrilateral elements with 302 nodes; the nodal spacings ranged between 2.5 

cm and 15 cm. 

system: the top of the column was subjected to a specified flux, Q, the sides 

of the column were assumed to be no-flow boundaries, and the head was held 

constant at nodes along the base of the column. 

condition only approximates the field conditions. Since in actual practice 

the solid waste pile is erected above a layer of fill material which acts as a 

buffer zone between the solid waste and the ground-water table, the moisture 

content and pressure head at the base of the column are unknown and are 

time-dependent. However, because the degree of saturation of the fill 

material is approximately constant, and because experience has shown that 

changes in the column propagate at a slow rate, the pressure head at the base 

can be treated as a constant without introducing significant errors in the 

results. The influence of this boundary condition will be examined in the 
sensitivity analysis discussed below. 

discontinuous moisture distribution was chosen to approximate conditions 

resulting from the specific waste disposal methods used at the site. The 

influence of these initial conditions will also be examined below. 

The following boundary conditions were assumed for this 

This constant-head boundary 

The initial conditions used in the simulations are shown in Figure 3. A 

Variations of moisture content with pressure head were available from 

laboratory tests. 

different samples. 

Figure 4 shows the characteristic curves8 (p) obtained on 

Variations of hydraulic conductivity with moisture content for typical 

waste materials were available, the values of saturated hydraulic conductivity 
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r a n g i n g  f rom cm/sec t o  cm/sec, depending on t h e  waste p roduc t  

and on t h e  f i x a t i o n  process. 

u s i n g  t h e  two-dimensional  G a l e r k i n - f i n i t e  element model developed b y  Reeves 

and Duguid ( 2 )  which was adapted t o  t h e  U N I V A C  1110. A s i n g l e  p r e c i s i o n  

v e r s i o n  o f  t h i s  program was used s i n c e  t e s t s  have i n d i c a t e d  t h a t  t h e r e  i s  no 

s i g n i f i c a n t  d i f f e r e n c e  between t h e  s i n g l e -  and doub le -p rec i s ion  r e s u l t s ;  t h e  

sav ings  i n  co re  s to rage,  however, a r e  cons ide rab le .  

The leacha te  f l o w  r a t e  a t  t h e  base o f  t h e  s o l i d  waste p i l e  was c a l c u l a t e d  

RESULTS 

S imu la t i ons  were per fo rmed f o r  d i f f e r i n g  p e r m e a b i l i t i e s ,  i n f i l t r a t i o n  

r a t e s ,  i n i t i a l  c o n d i t i o n s ,  and boundary c o n d i t i o n s  t o  o b t a i n  conserva t i ve  

es t ima tes  o f  t h e  sys tem's  behav io r .  

below. 

The most s i g n i f i c a n t  r e s u l t s  a re  g i ven  

1. I n f l u e n c e  o f  I n f i l t r a t i o n  r a t e .  The r e s u l t s  ob ta ined  f o r  Mix  8 ( K s  = 

c d s e c ) ,  assuming t h a t  t h e r e  would be no i n f i l t r a t i o n  th rough t h e  upper 

boundary o f  t h e  s o l i d  waste p i l e  (Q=O), i n d i c a t e  t h a t  t h e r e  i s  f i r s t  a 

r e - d i s t r i b u t i o n  o f  mo is tu re  i n s i d e  t h e  s o l i d  waste p i l e .  A f t e r  approx imate ly  

20 years,  t h e  model i n d i c a t e s  an ou tward  f l o w  which, however, i s  t o o  smal l  t o  

be  s i g n i f i c a n t .  The model was r u n  u n t i l  25 yea rs  and no changes i n  these 

c o n d i t i o n s  were observed. Mo is tu re  c o n t e n t  d i s t r i b u t i o n s  i n s i d e  t h e  column a t  

v a r i o u s  t imes  a r e  shown i n  F i g u r e  5. 

Fo r  m a t e r i a l s  whose s a t u r a t e d  v a l u e  o f  h y d r a u l i c  

The e f f e c t  o f  water  i n f l u x  a t  t h e  t o p  o f  t h e  s o l i d  waste p i l e  was s t u d i e d  

f o r  v a r i o u s  m a t e r i a l s .  

c o n d u c t i v i t y ,  K S ,  i s  l a r g e r  than  t h e  i n f i l t r a t i o n  r a t e ,  Q, i t  was found t h a t  

t h e  i n f i l t r a t i o n  r a t e  c o n t r o l s  t h e  q u a n t i t y  o f  l eacha tes  e x i t i n g  t h e  waste 

p i l e  and a f f e c t s  a lso ,  t o  some ex ten t ,  t h e  t i m e  a t  which t h i s  o u t f l o w  appears. 

However, f o r  cases where Q i s  l a r g e r  than KS t h e  leach r a t e  reached a 

s teady  s t a t e  which i s  c o n t r o l l e d  b y  K s  and no l onger  b y  t h e  magnitude o f  t h e  

i n f i l t r a t i o n  r a t e .  No pond ing  was a l l owed  i n  these s imu la t i ons .  

waste m a t e r i a l s  was s t u d i e d  f o r  zero  and non-zero i n f i l t r a t i o n  r a t e s .  For  a 

cons tan t  i n f i l t r a t i o n  r a t e  o f  f i n i t e  du ra t i on ,  t h e  va lue  o f  t h e  s a t u r a t e d  

h y d r a u l i c  c o n d u c t i v i t y  was found t o  have a l a r g e  e f f e c t  on b o t h  t h e  t ime a t  

,whic(l l eacha tes  e x i t  t h e  waste p i l e  and t h e  maximum ou t f l ow .  

i n f i l t r a t i o n  r a t e  o f  a one-year d u r a t i o n ,  t h e  wa te r  t r a v e l  t ime  th rough the  

waste p i l e  was approx ima te l y  t e n  t imes l a r g e r  i n  t h e  case o f  Mix  8 than  i n  t h e  

case o f  Mix  A ( F i g u r e  6). 

2. I n f l u e n c e  o f  P e r m e a b i l i t y .  The i n f l u e n c e  o f  t h e  p e r m e a b i l i t y  o f  t h e  

Fo r  a f i x e d  
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The e f f e c t  o f  a l o w - p e r m e a b i l i t y  l a y e r  was i n v e s t i g a t e d  by  assuming t h a t  

t h e  l a s t  t h r e e  f e e t  o f  t h e  s o l i d  waste p i l e  c o n s i s t e d  o f  a m a t e r i a l  hav ing  a 

s a t u r a t e d  h y d r a u l i c  c o n d u c t i v i t y  equa l  t o  lo-’ cm/sec, a va lue  t y p i c a l  o f  

c l a y  m a t e r i a l s .  The remainder o f  t h e  column was assumed t o  be Mix  A. An 

i n f i l t r a t i o n  r a t e  Q l e s s  than K S  was s p e c i f i e d  f o r  one year .  The r e s u l t s  

i n d i c a t e  t h a t  t h e r e  i s  e s s e n t i a l l y  no f l o w  th rough t h e  l ow-pe rmeab i l i t y  l a y e r .  

3. I n f l u e n c e  o f  t h e 8  ( Y )  and K ( W )  C h a r a c t e r i s t i c  Curves, The 

h y p o t h e t i c a l  curve  l a b e l l e d  ”sample 3”  i n  F i g u r e  4 was used t o  rep resen t  the  

v a r i a t i o n s  o f  mo is tu re  con ten t  w i t h  p ressure .  I n  t h i s  case, t h e  s a t u r a t e d  

va lue  o f  8 i s  i d e n t i c a l  t o  t h a t  o f  t h e  base case (8 
mois tu re  con ten t  decreases i n  a more g e n t l e  manner than i n  t h e  base case 

(Sample 1 i n  F i g u r e  4 ) .  

s i g n i f i c a n t l y  d i f f e r e n t  f rom those o f  a r e f e r e n c e  case. 

o f  t h e 8 ( 1 )  cu rve  i s  n o t  an impor tan t  parameter i n  t h i s  ana lys i s .  

ana lys i s ,  t h e  unsa tu ra ted  p r o p e r t i e s  o f  a m a t e r i a l  hav ing  a s a t u r a t e d  

h y d r a u l i c  c o n d u c t i v i t y  s i m i l a r  t o  t h a t  o f  M ix  B were ob ta ined  f rom t h e  

l i t e r a t u r e  ( 1 )  and used i n  l i e u  o f  t h e  exper imen ta l  da ta .  The s teady -s ta te  

r e s u l t s  were found t o  be  s i m i l a r  c o n s i d e r i n g  t h e  l e v e l  o f  accuracy  a p p r o p r i a t e  

t o  eng inee r ing  a p p l i c a t i o n s .  

The Reeves-Duguid Model so l ves  t h e  unsa tu ra ted  f l o w  equa t ion  w i th  the pressure  

head as t h e  unknown v a r i a b l e .  T h i s  i m p l i e s  t h a t  t h e  i n i t i a l  c o n d i t i o n s  must 

be s p e c i f i e d  i n  terms o f  pressure;  consequent ly,  t h e  mo is tu re  d i s t r i b u t i o n  i n  

F i q u r e  3 must be t rans formed i n t o  an e q u i v a l e n t  p ressure  d i s t r i b u t i o n  u s i n g  

t h e  8 ( P  ) da ta .  For t h e  s p e c i f i c  m a t e r i a l s  under cons ide ra t i on ,  l a r g e  s tep  

changes i n  p ressure  head correspond t o  t h e  s p e c i f i e d  chanqes i n  mo is tu re  

con ten t ;  namely, chanqes f rom 28.2% t o  36.6% o r  38.2% i n  mo is tu re  con ten t  i n  

Mixes A and B correspond t o  inc reases  i n  p ressure  head o f  t h e  o r d e r  o f  17 t o  

19 m ( f r o m  -2611 cm t o  -862 cm i n  M i x  A and f rom -2611 cm t o  -696 cm i n  M i x  

B ) .  Such ab rup t  p ressure  changes make t h e  prob lem n u m e r i c a l l y  d i f f i c u l t  t o  

so lve ;  moreover, i t  i s  l i k e l y  t h a t  such a sharp  i n t e r f a c e  does n o t  e x i s t  i n  

t h e  a c t u a l  s o l i d  waste p i l e  and t h a t  e r r o r s  a re  i n t roduced  i n  f i e l d  

measurements o f  t he  i n i t i a l  mo is tu re  con ten t .  

= 0.389) b u t  t h e  

The r e s u l t s  ob ta ined  i n  t h i s  case were n o t  

Thus t h e  a c t u a l  shape 

The i n f l u e n c e  o f  t h e  shape o f  t h e  K ( p )  cu rve  was a l s o  s tud ied .  For t h i s  

4. I n f l u e n c e  o f  t h e  I n i t i a l  and Boundary Cond i t i ons .  

To eva lua te  t h e  e f f e c t  of  i n i t i a l  c o n d i t i o n s ,  a new s i m u l a t i o n  was made i n  

which t h e  pressure  head v a r i e d  l i n e a r l y  f rom -696 cm a t  t h e  bo t tom o f  t he  

column t o  -2611 cm a t  t h e  t o p  o f  t h e  column. The cor respond ing  mo is tu re  

con ten t  d i s t r i b u t i o n  v a r i e d  smooth ly  f rom 8 = 28.3% t o  8 = 38.2%. 

r e s u l t s  a re  compared w i t h  those ob ta ined  w i t h  t h e  s t e p  f u n c t i o n  i npu t ,  i t  i s  

found t h a t  mo is tu re  d i s t r i b u t i o n s  a t  25 years  a r e  almost i d e n t i c a l .  

When the  

It 
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appears, t he re fo re ,  t h a t  i f  one i s  m a i n l y  concerned w i t h  t h e  l ong - te rm 

r e s u l t s ,  t h e  s t e p  f u n c t i o n  d i s t r i b u t i o n  i n t r o d u c e s  an unnecessary c o m p l e x i t y  

i n  t h e  model. 

The e f f e c t  o f  d i f f e r i n g  boundary c o n d i t i o n s  was ' s tud ied  b y  comparing t h e  

r e s u l t s  ob ta ined  u s i n g  cons tan t  m o i s t u r e  con ten ts  s u c c e s s i v e l y  equal  t o  38.2%, 

40%, and 42% a t  t h e  bo t tom o f  t h e  s o l i d  waste p i l e .  I n  a l l  cases t h e  pressure  

head v a r i e d  l i n e a r l y  i n s i d e  t h e  p i l e ,  y i e l d i n r  m o i s t u r e  con ten ts  equal  t o  

28.3%, 30%, and 32% a t  t h e  t o p  o f  t h e  p i l e ,  r e s p e c t i v e l y .  The r e s u l t s ,  shown 

i n  F i g u r e  7, i n d i c a t e  t h a t  changes f rom t h e  i n i t i a l  m o i s t u r e  d i s t r i b u t i o n  a re  

more pronounced i n  cases o f  d r i e r  i n i t i a l  c o n d i t i o n s .  

cases where 8 equa ls  38.2% and 40% a t  t h e  base, t h e  column ga ins  water  w h i l e  

t h e  reve rse  i s  t r u e  when 8 equa ls  42% a t  t h e  base. 

t h a t  t h e r e  e x i s t s  a c r i t i c a l  mo is tu re  c o n t e n t  o f  t h e  lower  l a y e r ,  above which 

some o u t f l o w  f r o m  t h e  p i l e  would occur.  

and 42%; 40% rep resen ts  a conserva t i ve  es t ima te .  

Moreover, i n  t h e  two 

It can thus  be assumed 

T h i s  c r i t i c a l  va lue  i s  between 40% 

CONCLUSIONS 

Th is  s t u d y  i n d i c a t e s  t h a t  t h e  s a t u r a t e d  v a l u e  o f  h y d r a u l i c  c o n d u c t i v i t y ,  

K S ,  o f  t h e  s o l i d  waste m a t e r i a l s  i s  an e s s e n t i a l  parameter c o n t r o l l i n g  bo th  

t h e  t r a v e l  t i m e  o f  t h e  water  th rough t h e  system (and thus  t h e  t i m e  a t  which 

leachates  e x i t  t h e  waste p i l e ) ,  and t h e  s teady -s ta te  leach r a t e .  The 

p r a c t i c a l  consequence o f  such a conc lus ion  i s  t h a t  a d e t a i l e d  l a b o r a t o r y  and 

f i e l d  exper imenta l  program must be  developed t o  p r o v i d e  a c l o s e  es t ima te  of  

K,, p o s s i b l y  w i t h i n  h a l f  an o r d e r  o f  magnitude. The magnitude and d u r a t i o n  

o f  i n f l o w  a re  a l s o  impor tan t  and must be determined by  a s i t e - s p e c i f i c  

water-budget ana lys i s .  

model i s  more s e n s i t i v e  t o  t h e  m o i s t u r e  con ten t  o f  t h e  bo t tom l a y e r  (assumed 

cons tan t )  than t o  t h e  s p e c i f i c  i n i t i a l  d i s t r i b u t i o n  w i t h i n  t h e  s o l i d  waste 

p i l e .  

sa tu ra ted -unsa tu ra ted  f l o w  i n  s o l i d  waste m a t e r i a l s  i s  a p p l i c a b l e  even if data  

on p r o p e r t i e s  o f  t h e  unsa tu ra ted  m a t e r i a l  a r e  scarce. A ca ta logue  of  

p r o p e r t i e s  such as t h e  one compi led  by  Mualem ( 1 )  i s  i nva luab le ,  and more 

e f f o r t  shou ld  be d i r e c t e d  t o  assembl ing exper imen ta l  d a t a  f rom v a r i o u s  

researchers .  Using numer ica l  techn iques  i n  a pa ramet r i c  s t u d y  serves  t o  bound 

t h e  r e s u l t s ,  which i s  o f t e n  r e q u i r e d  i n  t h e  l i c e n s i n g  process, and t o  d i r e c t  

d a t a  g a t h e r i n g  e f f o r t s  toward t h e  e s s e n t i a l  parameters.  

The a n a l y s i s  o f  d i f f e r i n g  i n i t i a l  and boundary c o n d i t i o n s  shows t h a t  t h e  

T h i s  s tudy  a l s o  i n d i c a t e s  t h a t  t h e  use o f  numer ica l  models t o  eva lua te  
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The p resen t  s t u d y  i s  o n l y  one component i n  t h e  o v e r a l l  assessment o f  t h e  

impact  o f  s o l i d  waste d i sposa l .  

shows t h e  f l o w  diagram o f  a comprehensive env i ronmenta l  impact a n a l y s i s  o f  

s o l i d  waste d i sposa l .  

ground-water f l o w  models have p o t e n t i a l  a p p l i c a t i o n s ,  namely, ground-water 

d i s p e r s i o n  and immersion. Ground water  d i s p e r s i o n  r e f e r s  t o  t h e  t r a n s p o r t  o f  

leachates  f rom t h e  waste p i l e  th rough t h e  a q u i f e r .  

model i n c l u d i n g  t h e  e f f e c t s  o f  hydrodynamic d i spe rs ion ,  mo lecu la r  d i f f u s i o n ,  

and i o n  exchange i s  a p p r o p r i a t e  i n  t h i s  case. The i n p u t  d a t a  r e q u i r e d  a re  the  

a q u i f e r  p e r m e a b i l i t y  and p o r o s i t y ,  d i s p e r s i v i t y ,  adso rp t i on  c o e f f i c i e n t s ,  and 

recharge  and d i scha rge  areas. 

an area  where s e t t l e m e n t  o r  seasonal  f l u c t u a t i o n s  i n  t h e  water  t a b l e  cause 

c o n t a c t  between t h e  ground water  and t h e  waste p i l e .  

t h e  bo t tom o f  t h e  waste d i sposa l  p i l e ,  then t h e  impact o f  i m e r s i o n  may n o t  be 

s i g n i f i c a n t ;  however, i f  t h e  l eacha tes  do n o t  e x i t  t h e  waste p i l e  o r  i f  t h e i r  

q u a n t i t y  i s  r e l a t i v e l y  smal l ,  then  t h e  immersion a n a l y s i s  i s  an impor tan t  

a d d i t i o n  t o  t h e  d i s p e r s i o n  a n a l y s i s .  

F i g u r e  8, which i s  adapted f rom Reference 3, 

There a r e  a t  l e a s t  two o t h e r  areas f o r  which 

A two-dimensional  a r e a l  

An immersion a n a l y s i s  may a l s o  be r e q u i r e d  i f  t h e  waste d i sposa l  s i t e  i s  i n  

I f  t h e  leachates  e x i t  
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