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ABSTRACT 

The p r e sence  of wa t e r  i s  one of t h e  most c r i t i c a l  f a c t o r s  c o n t r i b u t i n g  
t o  t h e  i n s t a b i l i t y  of t a i l i n g s  embankments. Nonexis ten t  o r  i n e f f i c i e n t  
d r a inage  f a c i l i t i e s  u s u a l l y  r e s u l t  i n  a  h igh  p h r e a t i c  s u r f a c e  t h a t  can  
c a u s e  t h e  embankment t o  f a i l .  One p o s s i b l e  s o l u t i o n ,  e s p e c i a l l y  f o r  
r emed ia l  s i t u a t i o n s ,  i s  t h e  i n s t a l l a t i o n  of h o r i z o n t a l  d r a in s .  

An i n v e s t i g a t i o n  i n t o  t h e  e f f e c t s  of h o r i z o n t a l  d r a i n s  on t h e  p h r e a t i c  
s u r f a c e  of t a i l i n g s  embankments was conducted by t h e  Bureau of Mines. 
A  l a b o r a t o r y  model was cons t ruc t ed  t o  c o r r e l a t e  t h e  e f f e c t s  of va r i ous  
d r a i n  spac ing  and l e n g t h  combinations w i t h  r e s u l t s  from computer codes. 
A  three-d imens ional  f i n i t e - e l emen t  computer code and a  two-dimensional 
f i n i t e - d i f f e r e n c e  computer code were used.  Two e x i s t i n g  t a i l i n g s  
embankments were modeled and p o t e n t i o m e t r i c  d a t a  were compared t o  t h e  
computer r e s u l t s .  

The two-dimensional f i n i t e - d i f f e r e n c e  code and t h e  three-d imens ional  
f i n i t e - e l e m e n t  code produced n e a r l y  t h e  same l o c a t i o n  f o r  t h e  p h r e a t i c  
s u r f a c e  between d r a i n s .  The l o c a t i o n  of t h e  p h r e a t i c  s u r f a c e  from t h e  
codes  was s l i g h t l y  above t h e  p h r e a t i c  s u r f a c e  of one f i e l d  a p p l i c a t i o n  
and fo l lowed t h e  t r e n d  of t h e  o t h e r  c l o s e l y .  The p h r e a t i c  s u r f a c e  
l o c a t i o n  of t h e  l a b o r a t o r y  model was s l i g h t l y  above t h a t  of t h e  
computer-generated p h r e a t i c  su r f ace .  The d i s t a n c e  between t h e  p h r e a t i c  
s u r f a c e s  of t h e s e  models became l a r g e r  a s  d r a i n  l e n g t h  i nc r ea sed  o r  
d r a i n  spac ing  decreased .  

Dimensionless graphs  were cons t ruc t ed  f o r  e s t i m a t i n g  p h r e a t i c  s u r f a c e  
l o c a t i o n  f o r  embankments w i t h  h o r i z o n t a l  d r a in s .  

T NTRODUCTION 

T h e  b r i g h t  ei' t h e  phrea:ir. sarrf a ce  p l a y s  a  c r i t i c a l  r o l e  i n  t h e  d e t e r -  
\n:r ? t i o n  of t h e  f a c t o r  uf .;afcty i n  s o i l s  embankments [ I  11. I f  t h e  



h e i g h t  of t h e  p h r e a t i c  s u r f a c e  can be lowered ,  t h e  f a c t o r  of s a f e t y  
w i l l  i n c r e a s e  d r ama t i ca l l y .  The de s ign  eng inee r  i s  f a ced  w i t h  t h e  
problem of de t enn in ing  what dimensions ( spac ing  and l e n g t h  of d r a i n )  
a r e  nece s sa ry  i n  o r d e r  t o  reduce t h e  p h r e a t i c  s u r f a c e  adequa t e ly  t o  
e n s u r e  a n  accep t ab l e  f a c t o r  of s a f e t y .  Var ious  a n a l y t i c a l  t e chn iques  
a r e  a v a i l a b l e  f o r  s o l v i n g  t h i s  problem. 

The u s e  of two -dimensional  techniques  t o  de termine  seepage c h a r a c t e r i s -  
t i c s  i n  embankments w i thou t  d r a i n s  ha s  become a  caminon eng inee r i ng  
p r a c t i c e  [3-6, 12-17]. The e f f e c t s  of t o e  d r a i n s  o r  b l anke t  d r a i n s  
a l s o  can  be modeled w i t h  two-dimensional computer codes,  provided a l l  
c r o s s  s e c t i o n s  of t h e  embankment a r e  t h e  same. The de s ign  of horizon- 
t a l  d r a i n s ,  however, i s  a  three-d imens ional  problem, and a n a l y s i s  can  
b e  t ime-consurni ng. Three-dimensional  f  i n i t e - e l emen t  meshes r e q u i r e  a  
c o n s i d e r a b l e  amount of time t o  c o n s t r u c t  , and three-d imens ional  f i n i t e -  
e l emen t  computer codes o f t e n  r e q u i r e  l a r g e  computer time and space  
r equ i r emen t s  due t o  t h e  l a r g e  number of unknown va lue s  t h a t  must be 
computed. It i s  t h e  i n t e n t  of t h i s  pape r  t o  compare r e s u l t s  from two- 
d imens iona l  and three-d imens ional  computer codes and p r e s e n t  r e s u l t s  
from a  pa r ame t r i c  s t udy  i nvo lv ing  embankment geometry,  d r a i n  l eng th ,  
and  d r a i n  spac ing  i n  a  g r a p h i c  format.  

The a u t h o r s  wish t o  thank Fred Tracy ,  supe rv i so ry  computer s c i e n t i s t ,  
TJ. S. Army Engineer  D iv i s i on ,  U. S. Army Engineer  Waterways Experiment 
S t a t i o n ,  Vicksburg,  MS, f o r  a s s i s t a n c e  i n  usirrg t h e  three-d imens ional  
f  i n i t e - e l emen t  computer program; and John  P. Sanders ,  p l a n t  super in-  
t e n d e n t ,  Union Carbide  Corpora t ion ,  Eletals  D iv i s i on ,  Hot Sp r ings ,  AR,  
f o r  p rov id ing  p o t e n t i o m e t r i c  d a t a  and d a t a  on embankment geometry. 

LABORATORY MODEL 

The 2.44- by 1.83-m (96- by 72-in) model t a r k  was c o n s t r u c t e d  of 2.65- 
mm (12-ga) co ld - ro l l ed  s t e e l  w i th  welded seams and was mounted or1 a 
s t r u c t u r a l  s t e e l  framework on wheels. The i n s i d e  wa l l s  and f l o o r  were 
c o a t e d  w i t h  l a t ex -ba se  p a i n t .  While s t i l l  wet ,  t h e  s u r f a c e s  were 
s p r i n k l e d  w i th  16-mesh (1.18-mm openings)  sand t o  p r even t  f low channels  
from developing  a long  t h e  s i d e s  and bottom of t h e  tank .  

l u s t e r s  of p iezometers  of i n c r e a s i n g  h e i g h t  were i n s t a l l e d ,  a s  shown 
n  f i g u r e s  1 and 2 .  They were c o n s t r u c t e d  of 3.97-mm-ID (5/32-in-ID) 
opper  t ub ing  w i t h  140-mesh (0.106-mm openings)  s c r e e n  s o l d e r e d  t o  t h e  

t o p  of each tube.  The s c r e e n  was covered w i t h  f i l t e r  c l o t h .  Plexi- 
g l a s l  viewing t ubes  connected t o  t h e  p iezometers ,  were mounted t t ~  t h e  
s i d e  of t h e  model. A b lue  dye was i n j e c t e d  i n t o  each tube  f o r  ease of 
r e ad ing .  

Some of t h e  f i l t e r s  on t h e  p iezometers  becaqe clogged du r ing  i n i t i a l  
t e s t s ,  s o  open-well p iezometers  were subsequen t l y  i n s t a l l e d .  They were 
c o n s t r u c t e d  of 1.02-m-ID (1/4-in-ID) p e r f o r a t e d  b r a s s  t ub ing  w i t h  140- 
mesh (0.106-mm openings)  s c r e e n  s o l d e r e d  ove r  t h e  perforations and Lot- -  

tom end of each tube.  'The t ubes  were i n s t a l l e d  at: t h e  same l o c a t i o n  a s  
t h e  p iezometer  c l u s t e r s  ( f i g .  2 )  exc lud ing  t h e  f i r s t  raw n e a r  t h c  coe 
o t  t h e  cmhankment. 

1 I) cx f Zrr ITZ- 5 -si7c;'n-fY<-J-eYt , t r ad  e  n  a n e s , - ~ = Y i f Z ~ t G r - 6  SF.;' 
I I ~ ) !  i n ~ p l v  c.ndt)r\cment by t h e  Bureau of ?tines. 



The h o r i z o n t a l  d r a i n s  were c o n s t r u c t e d  of 1.02-mm-ID (114-in-ID) b r a s s  
t u b i n g  w i t h  f i f t y - n i n e  3.18-mm h o l e s  d r i l l e d  p e r  meter  ( e i g h t e e n  118-in 
h o l e s  d r i l l e d  p e r  f o o t ) .  Th i s  r e s u l t s  i n  2.3 p c t  open d r a i n  p e r  u n i t  
l ength .  By comparison,  a  t y p i c a l  5.08-cm (2- in)  po lyv iny l  c h l o r i d e  
(PVC) s l o t t e d  p i p e  having t h r e e  0.40-mm (1/64-in) s l o t s  around t h e  c i r -  
cumference spaced 2.54 cm (1- in)  a p a r t  a long  t h e  p i p e  h a s  approximate ly  
1 .4  pc t  open d r a i n  p e r  u n i t  l ength .  Screen  (140 mesh) was so lde r ed  
o v e r  t h e  h o l e s  t o  p r even t  t h e  d r a i n s  from c logging .  The d r a i n s  were 
a t t a c h e d  t o  s e c t i o n s  of rods which were threaded  through h o l e s  i n  
T e f l o n  f l ou roca rbon  polymer b r a c k e t s  s o  they  could  be p u l l e d  through 
t h e  embankment t o  ache ive  v a r i o u s  spac ing  and l e n g t h  combinations.  
Hydrau l i c  s e a l s  were used t o  p r even t  leakage  where t h e  rods were p u l l e d  
through t h e  back of t h e  tank.  The d r a i n s  and p iezometer  t ubes  were 
spaced  0.23 m (9 i n )  a p a r t  a c r o s s  t h e  width  of t h e  tank  s o  p iezometer  
r e ad ings  could  be t aken  a t  each d r a i n  l o c a t i o n .  

The embankment was cons t ruc t ed  of s i l i c a  sand having  a  pe rmeab i l i t y  (k)  
of  3  x cm/sec determined from a  c o n s t a n t  head pe rmeab i l i t y  t e s t .  
Dry d e n s i t y  of t h e  m a t e r i a l  was 13,085 N / M ~  (83.3 pcf ). The g r a in - s i z e  
d i s t r i b u t i o n  i s  shown i n  f i g u r e  3 ,  and t h e  S tandard  P r o c t o r  t e s t  
r e s u l t s  a r e  shown i n  f i g u r e  4. Drained d i r e c t  s h e a r  t e s t s  y i e lded  an  
a n g l e  of i n t e r n a l  f r i c t i o n  of 37" and a  cohes ion  of 62.04 kPa (9 p s i ) .  
The downstream s l o p e  was 2:1, and t h e  upstream s l o p e  was 1 : l  ( f i g .  1 ) .  
The embankment was compacted by hand u s i ng  a  1.91-cm (314-in) p ipe  
a t t a c h e d  t o  a  2.54-cm (1-in)  t h i c k ,  15.24-cm (6- in)  diam s t e e l  p l a t e .  

The f i r s t  t r i a l  embankment exper ienced  p rog re s s ive  f a i l u r e  due t o  e ro-  
s i o n  when s u b j e c t e d  t o  a  headwater h e i g h t  of 49.02 cm (19.3 i n ) ,  s o  a  
25.4-cm (10-in) t o e  d r a i n  composed of coa r s e  sand ( k  = 3.75 x 
cm/sec) was i n s t a l l e d  t o  i n c r e a s e  s t a b i l i t y .  A l l  subsequent t e s t s  were 
r u n  w i t h  t h e  t o e  d r a i n .  A c o n s t a n t  upstream head was main ta ined  d u r i n g  
t h e  t e s t s  by a  f l o a t  va lve .  

LENGTH, crn 
0 20 40 60  80 100 120 140 160 180 200 220 

-- 
P ~ e z o m e t e ,  c l u s t e r s  

H y d r a u l ~ c  s e a l  

L E N G T H ,  in 

FIGURE 1. Cross s e c t i o n  of l a b o r a t o r y  embankment model. 

FINITE-DIFFERENCE CODE 

The govern ing  equa t i ons  approximated by t h e  f i n i t e - d i f f e r e n c e  computer 
p r o p r z n  1151 a r e  based on Darcy ' s  law i n  two dimensions:  



FIGURE 2. P l an  view of l a b o r a t o r y  model. 
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FIGURE 4. Mois ture-dens i ty  curve f o r  sand  used i n  l a b o r a t o r y  model. 

where qx = Darcy v e l o c i t y  i n  x d i r e c t i o n ,  
q  = Darcy v e l o c i t y  i n  y  d i r e c t i o n ,  
$ = p e r m e a b i l i t y  of t h e  s o i l ,  k=k (x ,y ) ,  

and  h  = t o t a l  head. 

The c o n t i n u i t y  equa t i on  i n  two dimensions i s :  

S u b s t i t u t i n g  equa t i ons  1 and 2  i n t o  e q u a t i o n  3 y i e l d s :  

I f  t h e  s o i l  ( o r  t a i l i n g s  m a t e r i a l )  i s  assumed t o  be homogeneous and 
i s o t r o p i c , 2  t h e n  k i s  independent  of x and y ,  and equa t i on  4 becomes 
L a p l a c e ' s  equa t i on ,  

The f low r eg ion  was modeled u s ing  t h e  p l a n  view ( f i g .  2 ) .  Boundary 
c o n d i t i o n s  a r e  s p e c i f i e d  i n  f i g u r e  5. 

T h i s  model does  no t  i nc lude  t h e  z component of v e l o c i t y .  This  condi- 
t i o n  i s  known a s  t h e  Dupuit  assumption. The v a l i d i t y  of t h e  assumption 
i s  eva lua t ed  a n a l y t i c a l l y  by Murray and Monkmeyer [ 9 ] .  I n  g e n e r a l ,  
b e s t  r e s u l t s  u s i n g  t h e  Dupuit  assumption a r e  achieved  f o r  s i t u a t i o n s  
where t h e  s l o p e  of t h e  p h r e a t i c  s u r f a c e  i s  r e l a t i v e l y  f l a t  ( 10 : l ) .  It 
w i l l  be shown l a t e r  t h a t  t h e  p h r e a t i c  s u r f a c e  between d r a i n s  from two- 
d imens iona l  a n a l y s i s  compares f avo rab ly  t o  t h e  r e s u l t s  from a  t h r ee -  
d imens iona l  a n a l y s i s .  

L ~ o r i z o n t a l  p e r m e a b i l i t y  i s  o f t e n  g r e a t e r  t h a n  v e r t i c a l  pe rmeab i l i t y  
i n  h y d r a u l i c a l l y  p l aced  t a i l i n g s  m a t e r i a l  [ 6 ] .  I f  t h i s  c o n d i t i o n  
exists , . .  i t  i s  l i k e l y  t h a t  t h e  p h r e a t i c  s u r f  a ce  w i l l  be h i g h e r  t h a n  t h e  
p h r e a t i c  s u r f  a c e  i n  an  embankment w i t h  i s o t r o p i c  p r o p e r t i e s .  
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FIGURE 5. Boundary c o n d i t i o n s  f o r  f i n i t e - d i f f e r e n c e  model. 

FINITE-ELEMENT CODE 

The t h r e e - d i m e n s i o n a l  f i n i t e - e l e m e n t  program (program number 
704-F3-~0218) was deve loped  by t h e  U.S. Army Waterways Experiment  
S t a t i o n  [13]. The b a s i c  assumpt ions  of t h e  model a r e  - 

1. The d e n s i t y  of t h e  s o i l - w a t e r  complex remains  c o n s t a n t ,  s i n c e  t h e  
c o m p r e s s i b i l i t y  of t h e  s o i l - w a t e r  complex i s  zero .  

2 .  The f l o w  i s  l a m i n a r ;  hence ,  D a r c y ' s  law ho lds .  

The  g o v e r n i n g  e q u a t i o n  i s  s i m i l a r  t o  e q u a t i o n  4 ,  o n l y  i.t h a s  a  z  
component: 

S i n c e  t h i s  p a p e r  assumes homogeneous s o i l  c o n d i t i o n s ,  k i s  c o n s t a n t ,  
a n d  e q u a t i o n  6 r e d u c e s  t o  L a p l a c e ' s  e q u a t i o n  i n  t h r e e  d imens ions :  

A d i s c u s s i o n  of t h e  s o l u t i o n  t o  e q u a t i o n  7 by t h e  f i n i t e - e l e m e n t  method 
h a s  been  d i s c u s s e d  by Tracy [ 1 2 ] .  

A c r o s s  s e c t i o n  of t h e  f i n i t e - e l e m e n t  mesh used  t o  a n a l y z e  t h e  l a b o r a -  
t o r y  model i s  shown i n  f i g u r e  6 .  A  t o t a l  of 448 e l e m e n t s  and 648 nodes  



FIGURE 6. C r o s s  s e c t i o n  of th ree-d imens iona l  mesh. 
( E  - p r e f i x  d e n o t e s  e l e m e n t ;  ,Ij d e n o t e s  node) 

were  u s e d  i n  t h e  s i m u l a t i o n .  The headwater  e n t e r e d  t h e  embankment a t  
nodes  6 ,  7 ,  and 8 and s u b s e q u e n t  nodes i n  o t h e r  c r o s s  s e c t i o n s  i n  t h e  y 
d i r e c t  ion .  

Two methods were used  t o  s i m u l a t e  t h e  d r a i n s ,  e a c h  g i v i n g  t h e  same 
r e s u l t s .  I n  t h e  f i r s t  method,  e l e m e n t s  such  a s  1 5 ,  2 2 ,  2 9 ,  3 6 ,  43 ,  and 
5 0  were  a s s i g n e d  a y and z d imens ion  of 1.27 cm (0.5 i n )  and a v e r y  
h i g h  p e r m e a b i l i t y  t o  r e p r e s e n t  t h e  d r a i n .  The second  method u s e d  z e r o  
p r e s s u r e  a s  a  boundary c o n d i t i o n  a t  nodes such  a s  1 7 ,  25 ,  3 3 ,  4 1 ,  4 9 ,  
5 7 ,  and 65. The boundary c o n d i t i o n s  f o r  b o t h  methods were a p p l i e d  a t  y 
= 0 and y = t h e  w i d t h  of t h e  embankment, s o  t h a t  t h e  p h r e a t i c  s u r f a c e  
was symmetric  a b o u t  a  l i n e  p a r a l l e l  t o  and between t h e  d r a i n s .  V a r i o u s  
d r a i n  s p a c i n g s  were a c h i e v e d  by changing  t h e  w i d t h  ( y  dimens ion)  of a l l  
t h e  e lements .  Dra in  l e n g t h  was changed by a l t e r i n g  t h e  e lement  perme- 
a b i i i t y ,  when t h e  f i r s t  method was u s e d ,  o r  e l i m i n a t i n g  t h e  boundary 
c o n d i t i o n  of z e r o  p r e s s u r e  a t  a  node when t h e  second method was used .  

1,ABORATORY MODEL TESTS 

T h e  d r a i n s  were i n s e r t e d  i n t o  t h e  embankment i n  t h e  sequence  l i s t e d  
below ( f i g .  2 ) .  D r a i n  l e n g t h  was measured from t h e  t o e  of t h e  

No d r a i n s  i n s e r t e d .  
Drai-ns 1 and  9 ,  0.61 m ( 2  f t ) .  
Drairls 1 and 9 ,  1.22 m ( 4  f t ) .  
D r a i n s  1 and 9 ,  1.83 m ( 6  f t ) .  
D r a i n s  1 and 9 ,  1.83 m ( 6  f t ) ;  d r a i n  5 ,  0.61 m ( 2  f t ) .  
D r a i n s  ! and 9 ,  1.83 m ( 6  f t ) ;  d r a i n  5 ,  0.61 m ( 4  f t ) .  
D r a i n s  1 ,  5 ,  and 9 ,  1 . 8 3 ~ 1  ( 6  f t ) .  
D r a i n s  1 ,  5 ,  and 9 ,  1.83 rn ( 6  f t ) ;  d r a i n s  3 and 7 ,  0.61 m ( 2  f t ) .  
D r a i n s  1 ,  5 ,  and 9 ,  1.83 m ( 6  f t ) ;  d r a i n s  3 and 7 ,  1.22 m ( 4  f t ) .  
D r a i n s  1 ,  3 ,  5 .  7 ,  and 9 ,  1 .83  m ( 5  f t ) .  



11.  Dra ins  1 ,  3 ,  5 ,  7 ,  and 9 ,  1.83 m ( 6  f  t ) ;  d r a i n s  2 ,  4 ,  5 ,  and 8 ,  
1 . 2 2  m ( 4  f t ) .  

12.  A l l  d r a i n s  i n s e r t e d  1.83 m ( 6  f t ) .  

Open-well p iezometer  readings  were t aken  f o r  each sequence a t  1-day 
i n t e r v a l s .  The next  d r a i n  sequence was not  commenced u n t i l  each 
p iezometer  had t h e  same r ead ing  f o r  two consecut ive  days. When a l l  
d r a i n s  were i n s e r t e d  1.83 m ( 6  f t )  and t h e  p h r e a t i c  s u r f a c e  had reached 
s t e a d y  s t a t e ,  t h e  sequence  was executed  i n  r e v e r s e  o r d e r  t o  t e s t  t h e  
i n t e g r i t y  of t h e  model. 

The p o t e n t i o m e t r i c  d a t a  were p l o t t e d  on three-d imens ional  graphs  f o r  
v i s u a l  i n t e r p r e t a t i o n  of t h e  e f f e c t s  of t h e  d r a i n s .  Two example graphs  
a r e  shown i n  f i g u r e s  7 and 8. A one-to-one numer ica l  comparison 

FIGURE 7. P o t e n t i o m e t r i c  d a t a  f o r  l a b o r a t o r y  embankment 
model: no d r a i n s ,  headwater = 49.3 cm ( 1 9 . 4  i n ) .  



between t h e  two sequences i s  no t  v a l i d ,  because t h e  headwater was 
i n c r e a s e d  on t h e  second sequence. However, piezome t e r  response  and 
geome t r i c  c h a r a c t e r i s t i c s  were compatible.  

LAB0 RATORY MODEL VERSUS COMPUTER MODELS 

Only t h e  readings  from t h e  open-well p iezometers  were used t o  compare 
t h e  l a b o r a t o r y  model t o  t h e  r e s u l t s  from t h e  computer codes. Although 
some of t h e  piezometers i n  t h e  c l u s t e r s  became plugged w i th  f i n e s ,  
enough d a t a  were a v a i l a b l e  i n  o r d e r  t o  d e s c r i b e  t h e  bending of t h e  
e q u i p o t e n t i a l  l i n e s  n e a r  t h e  t o e  of t h e  embankment. 

P r o f i l e s  of t h e  embankment a t  midpoin t ,  comparing t h e  p h r e a t i c  s u r f a c e  
from t h e  t e s t  model t o  t h e  r e s u l t s  of t h e  f i n i t e - d i f f e r e n c e  code, were 
p l o t t e d  f o r  c a s e s  1  through 4 ,  7 ,  and 10. Seve ra l  examples a r e  shown 
i n  f i g u r e s  9 and 10. Maximum v a r i a t i o n  i n  p h r e a t i c  h e i g h t  v a r i e d  from 
l e s s  t han  2.54 cm (1  i n )  t o  5.08 cm (2  i n ) .  As d r a i n  l e n g t h  i n c r e a s e d .  
o r  d r a i n  spac ing  dec r ea sed ,  t h e  p h r e a t i c  s u r f a c e  from t h e  f i n i t e -  
d i f f e r e r k e  code f e l l  below t h e  l a b o r a t o r y  model. 
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FIGURE 9. P h r e a t i c  s u r f a c e ,  l a b o r a t o r y  model 
v e r s u s  f i n i t e - d i f f e r e n c e  code,  no d r a i n s .  
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FIGLTRE 10. P h r e a t i c  s u r f a c e  between d r a i n s ,  l abo ra to ry  
model v e r s u s  f i n i t e - d :  f f e r e n c e  method: 61 .O-cm (24-in) 

d r a i n s ,  91 .l+-cn: (36-in) spac ing .  



F i p u r e  11  compares t h e  p h r e a t i c  s u r f a c e  between d r a i n s  computed by t h e  
L W O  computer  codes  f o r  a  1.83-m ( 6 - f t )  d r a i n  and s p a c i n g  of 0.41 m (16 
i n ) ,  0.91 m (36  i n ) ,  and 1.83 m (72 i n ) .  The r e s u l t s  i n d i c a t e  t h a t  f o r  
be tween  d r a i n s ,  t h e  f i n i t e - d i f f e r e n c e  code and t h e  t h r e e - d i m e n s i o n a l  
f i n i t e - e l e m e n t  code c a l c u l a t e  n e a r l y  t h e  same p h r e a t i c  s u r f a c e .  
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FIGURE 11. P h r e a t i c  s u r f  a c e  between d r a i n s ,  f i n i t e - e l e m e n t  
method v e r s u s  f i n i t e - d i f  f e r e n c e  method. 

COMPARISON WITH OTHER LABORATORY DATA 

A s e e p a g e  model exper iment  conduc ted  by Kenney, P a z i n ,  and Choi [ 7 ]  was 
modeled u s i n g  t h e  t h r e e - d i m e n s i o n a l  f i n i t e - e l e m e n t  program. The mate- 
r i a l  u s e d  t o  c o n s t r u c t  t h e  model was g l a s s  beads w i t h  l e s s  t h a n  30 p c t  
r e t a i n e d  on  t h e  No. 100 s i e v e  (0.150-mm o p e n i n g s ) ;  more t h a n  70 p c t  was 
r e t a i n e d  on t h e  No. 200 s i e v e  (0.075-mm o p e n i n g s ) .  The d r a i n s  i n  t h e  
model  c o n s i s t e d  of a 5.08-mm (0 .2- in )  d r a i n  r o d ,  double-wrapped w i t h  
No. 200-sieve s t a i n l e s s  s t e e l  mesh, and s p o t - s o l d e r e d .  

The p h r e a t i c  s u r f a c e  c a l c u l a t e d  by t h e  f  i n i t e - e l e n l e n t  code i.; h i g h e r  
t h a n  t h a t  measured i n  t h e  l a b o r a t o r y  ( f i g .  12) .  For t h e  c a s e  of no 
h o r i z o n t a l  d r a i n s  ( f i g .  1 3 ) ,  t h e  maximum d i f f e r e n c e  of apprcx i ina te ly  
2.21 cm (0.87 i n )  o c c u r s  a t  x = 40.6 cm ( x  = 16 i n ) .  When h o r i z o n t a l  
d r a i n s  69  cm (27 i n )  i n  l e n g t h  h a v i n g  a  s p a c i n g  of 81.3 cm (32  in) a r e  
i n s t a l l e d ,  t h e  maximum d i f f e r e n c e  i s  2.03 cm (0 .8  i n )  which o c c u r s  a t  x 
= 81 .3  cm (32  i n ) .  

COMPUTER CODES IrF!?SUS F I E L D  DATA 

Two t a i l i n g s  embankments were modeled w i t h  t h e  two-d imens iona l  f i r ~ i t e -  
d i f f e r e n c e  computer  program. A3 thougll n e i  t h{+r ha& per i ' ec t  l y  p a r a l l e l  
h o r i z o n t a l  d r a i n s  n o r  e x t e n s i v e  p i e z o m e t e r  r e a d i n g s  between d r a i n s ,  
e a c h  p r o v i d e d  a  b a s i s  f o r  comparing t h e  g e n e r a l  cf  fc . r tc  of t h e  d r a i n s  
t o  t h e  computer  model. 

The h o r i z o n t a l  d r a i n s  i n  t h e  Sohi*, ' ; J~ : , t r  rn  M i ~ ~ i n j ;  C r r n p ~ ~ l ~  ' s  embankment 
were  i n s t a l l e d  i n  an a r r a y -  l i k c  pnt t .c rn  o f  five Irzirls r r 2 - i  a r  l iy 
( f i g .  14)  E8, 161. 'The a r e d  rh-;C wxc aiqa, ; i 1 5 i n q  t hi> ' ~ n i t e -  
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FIGURE 12. Three-d imens iona l  f i n i t e - e l e m e n t  r e s u l t s  v e r s u s  
p u t e n t i o m e t r i c  e l e v a t i o n s  from Kenney, P a z i n ,  and Choi ( I _ ) :  

69-cm (27-in)  d r a i n s ,  81.3-cm (32-in)  s p a c i n g .  
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FIGURE 13.  Threp-dimensional  f i n i t e - e l e m e n t  r e s u l t s  v e r s u s  
p o t e n t i c m e t r i c  e l e v a t i o n s  from Kenney, P a z i n ,  and Choi (1): 

No d r a i n s .  

d i f f e r e n c e  code i s  i n d i c a t e d  hy c r o s s h a t c h i n g .  The boundary c o n d i t i o n s  
and  g o v e r n i n g  e q u a t i o n  a r e  a s  i n  f i g u r e  5 ,  w i t h  t h e  a d d i t i o n a l  condi-  
t i o n  t h a t  l i n e  AR i s  a no-flow boundary. T h i s  boundary c o n d i t i o n  i s  
u s e d  becaucc  t h e  f a c r  of t h e  s t a r t e r  dam i s  c logged  with f i n e s  1161. 
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FIGURE 14 .  P l an  view of d r a i n  a r r a y s  showing a r e a  
modeled u s i n g  f i n i t e - d i f f e r e n c e  code [ 8 ] .  

A c r o s s - s e c t i o n a l  view comparing computer r e s u l t s  t o  p i ezome t r i c  d a t a  
i s  shown i n  f i g u r e  15.  The modeled p h r e a t i c  s u r f a c e  o s c i l l a t e s  about  
t h e  measured p h r e a t i c  s u r f a c e ;  however, t h e  g e n e r a l  t r e n d  i s  t h e  same. 
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FIGURE 15.  Sec t i on  E-E' from f i g u r e  14.  Sohio 
Western Mining Co. t a i l . i ng s  embankment [ 8  ] . 

Union C a r b i d e ' s  t a i l i n g s  embankment c o n t a i n s  f i l t e r  pads i n  a d d i t i o n  t o  
h o r i z o n t a l  d r a i n s .  Th i s  s i t u a t i o n  was modeled by a s s i g n i n g  t h e  nodes 
r e p r e s e n t i n g  t h e  f i l t e r  pads a  va lue  of z e ro  p r e s su re .  T h e  f i i t e r  pads 
were  modeled a t  a  48.77-m (160 - f t )  spac ing ,  F i e l d  d a t a  from only  one 
p i ezome te r  were a v a i l a b l e  and ranged from 0  t o  0.61 r r~ CO f e  t o  2 f t )  
o v e r  a  p e r i o d  of 8-112 yr. The f i n i t e - d i f f e r e n c e  method p r e d i c e s  a  
v a l u e  of 2 .44 m (8  f t )  a t  t h e  l o c a t i o n  of t h i s  piezometer.  

DINENSIONLESS PKKEATIC PROFILES 

A pa rame te r  s t udy  u s ing  t h e  two-dimensional  code was conducted i n  o r d e r  
t o  c o n s t r u c t  p r o f i l e s  of t h e  p h r e a t i c  s u r f a c e  midway between d r a i n s .  
Examples a r e  p r e sen t ed  i n  f i g u r e s  16 through 18 f o r  va r fous  d r a i n  
l e n g t h  and spac ing  con f igu ra t i ons .  A l l  pal-me t e r s  are normalized by 
t h e  d i s t a n c e  L--the d i s t a n c e  from t h e  headwater t o  t h e  t o e  of t h e  em- 
bankment. Other  parameters  a r e  de f i ned  ss f o l l ows :  

- - - - - -- -" - --- 
'S teady-s ta te  c o n d i t i o n s  a re  assumrd. The t ixe needed f o r  t h e  d r a i n s  

t o  r e a c h  f u l l  ef  f j c i e n c y  was i n v e a t f g a t ~ d  by I\jonveil,4cr , ! r 3 ] .  



FIGURE 16. Dimensionless p h r e a t i c  p r o f i l e s ,  H/L = 0.35, I /L  = 0.25. 

x l L  

FIGURE 17.  Dimensionless p h r e a t i c  p r o f i l e s ,  B/L = 0.35, I /L  = 0.375. 

x l L  

FIGIJRE 18. Uimensionless phrea t . ic  p r o f i l e s ,  H/L = 0.35, I /L  = 0.5.  



I - d r a i n  l e n g t h ,  
h  - p h r e a t i c  s u r f a c e  h e i g h t ,  
x  - d i s t a n c e  from headwater t o  a  p o i n t  i n  t h e  enbankment c r o s s  

s e c t i o n ,  and 
S  - d i s t a n c e  between d r a i n s .  

The cu rves ,  r e p r e s e n t i n g  d r a i n  spac ing  (S /L ) ,  a r e  bounded by a  b l anke t  
d r a i n  curve and a  " n o - d r a i n ' h u r v e .  The c r i t e r i o n  f o r  increments  of 
S/L was graph  r e a d a b i l i t y .  The fo l l owing  example i l l u s t r a t e s  how t h e  
g r a p h s  a r e  used.  

1. P l o t  t h e  c r o s s  s e c t i o n  of t h e  embankment. See f i g u r e  19 f o r  t h e  
c r o s s  s e c t i o n  used  i n  t h i s  example. 
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FIGURE 19.  Embankment c r o s s  s e c t i o n  
p l o t t e d  u s i n g  d imens ionless  graphs.  

2. Determine t h e  d i s t a n c e  between t h e  d r a i n s  and t h e  headwater (H) 
and  t h e  h o r i z o n t a l  d i s t a n c e  from t h e  t o e  of t h e  embankment t o  t h e  p o i n t  
a t  which t h e  pond i n t e r s e c t s  t h e  upstream s l o p e  (I,). For t h i s  example, 
H = 27.43 m ( 90  f t )  and L  = 76.20 m (250 f t ) .  

3 .  C a l c u l a t e  H/L. H/L = 27.43 ml76.20 m = 0.36. 

4 .  Find  t h e  v a l u e  of H/L from t h e  graphs  t h a t  i s  c l o s e s t  t o  t h e  
v a l u e  c a l c u l a t e d  i n  s t e p  3 .  For t h e  example, t h e  c l o s e s t  c h a r t  va lue  
i s  0.35.4 

5.  S e l e c t  t h e  d e s i r e d  d r a i n  l e n g t h  r a t i o  I /L.  For i l l u s t r a t i o n ,  0 .5  
i s  chosen  f o r  I /L,  r e p r e s e n t i n g  a  d r a i n  l e n g t h  of 0.5 x 76.20 m = 38.1 
m (0 .5  x  250 i t  = 125 f t ) .  The graph  r e p r e s e n t i n g  H/L  = 0.35 ( s t e p  4 )  
and I / L  = 0.5 i s  f i g u r e  18. 

6.  S e l e c t  t h e  p h r e a t i c  p r o f i l e  d e s i r e d  from t h e  f i g u r e .  The phre- 
a t i c  s u r f a c e  de sc r i bed  by s/L = 0.2 i s  chosen f o r  t h i s  example; t h i s  
r e p r e s e n t s  a  h o r i z o n t a l  d r a i n  spac ing  of 0.2 x 76.20 m = 15.24 m (0.2 x 
250 = 50 i t ) .  

':A more e x t e n s i v e  s e t  or  c h a r t s  i s  ~ ? T ~ T ~ ~ E - - ~ F P ~ ~ M ~ P ~ ~  
8875 t i t l e d  Es t ima t i ng  Hor ieonta l  Drain Des ign  by t h e  F in i te -Element  
and  Fin i te -DifFez  e n c ~  Methods- 

1 4  



7. From t h e  S/L curve s e l e c t e d ,  r e ad  t h e  v a l u e s  of h / ~  a t  s e v e r a l  
v a l u e s  of X/L. (x i s  t h e  h o r i z o n t a l  d i s t a n c e  from t h e  pond/embankment 
c o n t a c t  t o  a  p o i n t  on t h e  h o r i z o n t a l  a x i s ,  and h  i s  t h e  wa t e r  h e i g h t  a t  
p o i n t  x. ) 

8. C a l c u l a t e  (x /L)  x L axd ( h / ~ )  x  L. Table 1 shows convers ions  
from t h e  d imens ion l e s s  va lue s  t o  u n i t s  of t h e  embankment used  i n  t h e  
example. 

9. P l o t  t h e  p roduc t s  from s t e p  8 on t h e  c r o s s  s e c t i o n  of t h e  embank- 
ment. 

10. Repeat t h e  above p roce s s  f o r  v a r i o u s  d r a i n  l e n g t h  and spac ing  
combinat ions  i f  de s i r ed .  

F a c t o r  of s a f e t y  ana ly se s  u s i n g  t h e  S imp l i f i ed  Bishop Method of S l i c e s  
[ 2 ]  were performed on t h e  example embankment, wi thout  d r a i n s  and w i t h  
d r a i n s  spaced 15.24 m (50 f t )  a p a r t  (S /L  = 0.2) .  Table  2 shows t h e  
conve r s ion  from t h e  d imens ionless  curve  v a l u e s  of f i g u r e  18 t o  u n i t s  of 
t h e  example embankment f o r  t h e  c a s e  of no d r a in s .  

The s o i l  l y i n g  benea th  t h e  p h r e a t i c  s u r f a c e  was assumed t o  be f u l l y  
s a t u r a t e d  and t o  have t h e  fo l l owing  p h y s i c a l  p r o p e r t i e s :  

Angle of i n t e rna l .  f r i c t i o n :  30" 
Cohesion:  0 kPa 
Dens i ty :  17,280 N / M ~  (110 p c f )  

The s o i l  above t h e  p h r e a t i c  s u r f a c e  was assumed t o  have no c a p i l l a r y  
zone and t o  have t h e  fo l l owing  p h y s i c a l  p r o p e r t i e s :  

Angle of i n t e r n a l  f r i c t i o n :  35" 
Cohesion: 0  
Density:  14,923 N / M ~  (95  p c f )  

F i g u r e  20 shows t h e  p h r e a t i c  s u r f a c e s  f o r  t h e  two c a s e s  a l ong  w i t h  t h e  
r e s p e c t i v e  s l i p  c i r c l e s .  The example i l l u s t r a t e s  t h e  importance of a  
low p h r e a t i c  s u r f a c e ,  s i n c e  t h e  f a c t o r  of s a f e t y  (FS) i s  i nc r ea sed  from 
0 .51  f o r  t h e  c a s e  of no d r a i n s  t o  1.3 f o r  t h e  c a s e  of d r a i n s  spaced 
15.24 m (50 f t )  a p a r t .  

L E N G T H  (XI, m d 1 2  2 4  3 6 4 8 6 0  7 2  

' f - m - ~ - - T r n  

r ~ ~ ~ C  \,- \ s l ip  c l r c l e  ( d r a i n - )  / 2 

L E N G T H  (XI, f t  

?*TCr?X1: q d .  S ? i p  c j  r c l e s  f o r  example embankment. 



TABLE 1.  - Convers ion  from d i m e n s i o n l e s s  g r a p h  
v a l u e s  t o  u n i t s  used  i n  example,  d r a i n s  15.24 m 
( 5 0  f t )  a p a r t  

( H  = 27.43 m ( 9 0  f t ) ,  L = 76.20 m ( 2 5 0  f t ) ,  
S/L = 0 .2 ,  I / L  = 0.5,  and H/L = 0.35) 

I Dimens ion less  Values  c a l c u l a t e d  
g r a p h s  f o r  example - 

h.  L 
L 

1 1 0.0 i 0.35 0.0 (0 .0 )  
3 2  7.6 (25.0)  
.28 15.2 (50.0)  

4 . 3  . 2 3  22.9 (75.0)  
30.5 (100.0)  
38.1 (125.0)  

7 
8 
9 61.0 (200.0)  

1 0  68.6 (225.0)  

l ~ o i n t s  i n d e n t i f i e d  i n  f i g u r e  19. 

TABLE 2. - Convers ion  from d i m e n s i o n l e s s  g r a p h  
v a l u e s  t o  u n i t s  used  i n  example,  no-dra ins  c a s e  

( H  = 27.43 m ( 9 0  f t ) ,  L = 76.20 m (250  f t ) ,  
and  H/L = 0.35) 

I I I -- 
l ~ o i n t s  i d e n t i f i e d  i n  f i g u r e  20. 

-- 

p o i n t 1  

Dimens ion less  
g r a p h s  

x/L 

Values  c a l c u l a t e d  
f o r  example 

h / ~  %a L L 

-- 

h .- 0 L 
L 



CONCLUSIONS AND LIMITATIONS 

Computer models of h o r i z o n t a l  d r a i n s  i n  t a i l i n g s  embankments a r e  f e a s -  
i b l e  d e s i g n  t o o l s  f o r  p r e d i c t i n g  t h e  h e i g h t  of t h e  p h r e a t i c  s u r f a c e  
midway between d r a i n s .  R e s u l t s  from two l a b o r a t o r y  models and two 
f i e l d  c a s e s  compare f a v o r a b l y  t o  t h e  computer  models used i n  t h e  s t u d y  
when a p p l i c a b l e  boundary c o n d i t i o n s  were used.  More s p e c i f i c a l l y  - 

1 .  The two-dimensional  and t h r e e - d i m e n s i o n a l  f i n i t e - e l e m e n t  codes  
c a l c u l a t e  n e a r l y  t h e  same r e s u l t s  f o r  t h e  p h r e a t i c  s u r f a c e  midway 
be tween  h o r i z o n t a l  d r a i n s .  

2 .  The p h r e a t i c  s u r f a c e  from t h e  above codes  l i e s  between t h e  phre-  
a t i c  s u r f a c e  from two l a b o r a t o r y  models and s l i g h t l y  above t h e  p h r e a t i c  
s u r f a c e  of one  f i e l d  a p p l i c a t i o n .  The p h r e a t i c  s u r f a c e  from t h e  second  
f i e l d  a p p l i c a t i o n  matches t h e  computer-generated p h r e a t i c  s u r f a c e  
c l o s e l y .  D i f f e r e n c e  between t h e  computer-generated p h r e a t i c  s u r f a c e  
a n d  t h e  p h r e a t i c  s u r f a c e  t h a t  was measured i n  t h e  model and i n  t h e  
f i e l d  c a n  be a t t r i b u t e d  t o  some combina t ion  of t h e  f o l l o w i n g :  

a .  P o t e n t i o m e t r i c  measurement e r r o r  (c logged  f i l t e r s ,  measurement 
a c c u r a c y ,  e t c .  1. 

b. The assumpt ion  i n  t h e  computer  models t h a t  p e r m e a b i l i t y  i s  n o t  a  
f u n c t i o n  of l o c a t i o n  i n  t h e  embankment. 

c. V a r i a t i o n s  i n  ups t ream pond e l e v a t i o n s  i n  t h e  l a b o r a t o r y  model 
and  f i e l d  a p p l i c a t i o n s .  

3. Coupled w i t h  s l o p e  s t a b i l i t y  a n a l y s i s ,  t h e  d i m e n s i o n l e s s  c h a r t s  
p r e s e n t e d  h e r e i n  c a n  p r o v i d e  an e s t i m a t e  of h o r i z o n t a l  d r a i n  l e n g t h  and 
s p a c i n g  d imens ions  n e c e s s a r y  t o  a c h i e v e  s l o p e  s t a b i l i t y .  

4 .  D r a i n  d i a m e t e r  was n o t  a d d r e s s e d  and i s  a n  a r e a  recommended f o r  
f u r t h e r  s t u d y .  

5 .  Nonhomogeneous embankments may r e q u i r e  f u t h e r  a n a l y s i s  t o  d e t e r -  
mine  d r a i n  placement  [ I  ] . 
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