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SYNOPSIS 

Changing awareness  of t h e  environment  ha s  l e a d  to  a  r a p i d  

i n c r e a s e  i n  t h e  number o f  l i n e d  r e s e r v o i r s  be ing  b u i l t .  T h i s  r e p o r t  

examines t he  t y p e s  of l i n e r s  a v a i l a b l e  and t h e i r  s u i t a b i l i t y  f o r  

v a r i o u s  a p p l i c a t i o n s .  F a i l u r e  modes, p a r t i c u l a r l y  o f  a  g e o t e c h n i c a l  

n a t u r e ,  a r e  i n v e s t i g a t e d  c r i t i c a l 1 . y  and s u i t a b l e  de s ign  p rocedu re s  

suggested.  F i n a l l y ,  a number o f  f a i l u r e s  a r e  examined. 



LINED ~ S E I I V O I l I S  

I n t r o d u c t i o n  1.1 ---- 
Lined r e s e r v o i r s  and c a n a l s  have been used s i n c e  t h e  e a r l i e s t  

times a s  a means o f  reducing seepage l o s s e s  th rough  t h e  founda t i on  

m a t e r i a l .  I t  is be l i eved  t h a t  c l a y  l i n e r s  were used f o r  c a n a l s  i n  

Egypt up t o  2500 y e a r s  BC, and both bitumen and cement l i n e d  c i s t e r n s  

s t i l l  e x i s t  d a t i n g  back to 800 BC (S inger  e t  a1  1954) .  

Water supply  s t i l l  p rov ide s  one o f  t h e  major demands f o r  l i n e d  

r e s e r v o i r s .  Loca l  ho ld ing  and s e t t l i n g  r e s e r v o i r s  a r e  commonly used 

i n  wa t e r  d i s t r i b u t i o n  schemes. Pumped s t o r a g e  schemes r e q u i r e  

r e s e r v o i r s  a t  e l e v a t e d  l o c a t i o n s ,  g e n e r a l l y  h igh  up on h i l l s .  These 

l o c a t i o n s  a r e  u s u a l l y  u n s u i t a b l e  f o r  r e t a i n i n g  wate r  due t o  h igh  

p e r m e a b i l i t i e s  and s o  l i n e d  r e s e r v o i r s  a r e  o f t e n  employed. 

I n  r e c e n t  y e a r s  t h e  e f f e c t  on t h e  environment  o f  u n c o n t r o l l e d  

d i s c h a r g e  i n t o  t h e  ground flater ha s  been i n c r e a s i n g l y  recognised .  

Excess  d i s c h a r g e  may cause  s u b s t a n t i a l  r i s e s  i n  t h e  water t a b l e  l e a d i n g  

t o  i n s t a b i l i t y  i n  ne ighbour ing  r e g i o n s ,  o r  t h e  s p o i l i n g  o f  a g r i c u l t u r a l  

l and  th rough  wate r  logg ing  or s a l t  d e p o s i t i o n .  P o l l u t a n t s  p r e s e n t  i n  

t h e  d i s c h a r g e  wa t e r  can p r e v e n t  t h e  u s e  o f  ground water  f o r  domes t i c ,  

a g r i c u l t u r a l  o r  i n d u s t r i a l  use.  Discharge o f  such p o l l u t a n t s  is 

commonly governed by government r e g u l a t i o n  and o f f e n d e r s  a r e  l i a b l e  

to p rosecu t i on .  T h i s  ha s  l e d  t o  t h e  development o f  "ze ro  d i s cha rge"  

r e s e r v o i r s .  l ' yp i ca l  m a t e r i a l s  s t o r e d  i n  such  r e s e r v o i r s  i nc lude  o i l ,  

uranium m i l l  t a i l i n g s ,  chemica l  was te ,  sewage b r i ne .  



1.2 L i n c r  S e l e c t i o n  

A l a r g e  number o f  d i f f e r e n t  m a t e r i a l s  have been used s u c c e s s f u l l y  

to l i n e  r e s e r v o i r s ,  dams and c a n a l s .  The c h o i c e  o f  a p a r t i c u l a r  l i n e r  

sys tem w i l l  be governed by t h e  environment  i n  which it w i l l  have t o  

o p e r a t e .  The c r i t i c a l  f a c t o r s  t o  be  c o n s i d e r e d  c a n  be  b r o a d l y  c l a s s i f i e d  

a s  i)  R e s e r v o i r  d e s i g n  and subgrade c o n d i t i o n s .  

ii) M a t e r i a l  t o  be  r e t a i n e d  i n  t h e  r e s e r v o i r .  

iii) Exposure to  p o t e n t i a l l y  damaging c o n d i t i o n s  e.g. weather ,  l i g h t ,  ice. 

The m a t e r i a l  c o n t a i n e d  by t h e  r e s e r v o i r  may c o n t a i n  a l a r g e  v a r i e t y  

o f  w a s t e  t y p e s  and c o n c e n t r a t e s .  N o  a t t e m p t  c a n  be  made h e r e  to l is t  t h e  

v a r i o u s  t y p e s  o r  to e x p l a i n  i n  d e t a i l  t h e i r  e f f e c t  on t h e  v a r i o u s  l i n e r s .  

The more i m p o r t a n t  p r o p e r t i e s  o f  t h e  waste  s u c h  a s  a c i d i t y  and o i l i n e s s ,  

which may e f f e c t  t h e  p a r t i c u l a r  l i n e r s  a r e  o u t l i n e d  i n  S e c t i o n  1.3. 

A number o f  l i n e r s  r e q u i r e  no cover  t o  p r e v e n t  a g e i n g  o r  wea ther ing .  

These i n c l u d e  most o f  t h e  cement,  a s p h a l t ,  asphal t -cement  combinat ions .  

Clay l i n e r s  a r e  s u b j e c t  t o  w e a t h e r i n g ,  a s  o u t l i n e d  i n  S e c t i o n  2.2.1. 

S e v e r a l  o f  t h e  r e c e n t l y  developed s y n t h e t i c  l i n e r s  may be used w i t h o u t  

cover .  However some s y n t h e t i c s  d e t e r i o r a t e  w i t h  prolonged exposure  t o  

u l t r a v i o l e t  l i g h t  ( r e f  T a b l e  1.1). I f  o t h e r  n~eans  o f  mechan ica l  damage 

may occur, such  a s  ice movement or seam t e a r i n g ,  a soi l  cover  may be 

r e q u i r e d .  

The r e s e r v o i r  d e s i g n  and t h e  subgrade  c o n d i t i o n s  w i l l  to a 

l a r g e  e x t e n t  d e t e r m i n e  t h e  t y p e  o f  f a i l u r e  modes which a r e  l i k e l y  t o  

o c c u r .  F a i l u r e  modes a r e  o u t l i n e d  i n  S e c t i o n  2 f o r  t h e  v a r i o u s  

c a t e g o r i e s  o f  l i n e r  type.  Some s p e c i f i c  p o i n t s  to be borne i n  mind 

i n  s e l e c t i n g  l i n e r s  a r e  t h e  i n t e r n a l  s l o p e  s t e e p n e s s ;  t h e  compaction -. 
and p r e p a r a t i o n  o f  subgrade  m a t e r i a l  and t h e  c o n t a c t  between t h e  l i n e r  

and p i p e s  e t c .  which p e r f o r a t e  t h e  l i n e r .  S o i l  l i n e r s  may be p l a c e d  

compacted o n  s l o p e s  o f  up t o  3 : 1 (U.S. Bureau o f  Rec la imat ion  1963) .  



Unrei t l forced s y n t h e t i c  l i n e r s  should  be avo ided  on s l o p e s  g r e a t e r  

than 1.5 : 1. Reinforced  s y n t h e t i c  l i n e r s  c an  be used on most s t a b l e  

s l o p e s  (Owen 1976). 

The c a r e  w i th  which t h e  subgrade needs  t o  be p repared  depends 

p r i m a r i l y  on t h e  f l e x i b i l i t y  o f  t h e  proposed l i n e r .  Gene ra l l y ,  compaction 

and t h e  c l e a r i n g  of  s h r p o r  r i g i d  o b j e c t s  from t h e  s u r f a c e  on which t h e  

l i n e r  w i l l  r e s t  w i l l  d e c r e a s e  t h e  r i s k  of subgrade induced f a i l u r e .  

These f a i l u r e  t y p e s  a r e  o u t l i n e d  i n  S e c t i o n  2.4.1. 

The c o s t  o f  l i n e r s  needs  a l s o  to be  borne i n  mind. The costs 

o f  t h e  s y n t h e t i c  l i n e r  t y p e s  h a s  been d e c r e a s i n g  ove r  t h e  l a s t  decade  

t o  make them compe t i t i ve  w i t h  compacted soi l  l i n e r s .  A c o s t  comparison 

from Kays (1977) ,  is given  i n  F igu re  1.1. 



1.3 L i n e r  Types 

The number o f  l i n e r  t y p e s  to be cons ide r ed  when s e l e c t i n g  to  

meet s p e c i f i c  c r i t e r i a  seems end l e s s .  The fo l l owing  d i s c u s s i o n  b r i e f l y  

o u t l i n e s  t h e  more common t y p e s  o f  l i n e r  m a t e r i a l ,  i n c lud ing  a d e s c r i p t i o n  

o f  t h e i r  l i m i t i n g  p r o p e r t i e s  f o r  r e s e r v o i r  waste  ponds. 

The f a i l u r e  modes f o r  t h e  l i n e r  t y p e s  depends p r i m a r i l y  on  

t h e  r i g i d i t y  o f  t h e  l i n e r  m a t e r i a l .  Hence t h e  m a t e r i a l s  w i l l  be examined 

i n  t h e  fo l l owing  groups  - t h e  e a r t h  l i n e r s ,  f l e x i b l e  l i n e r s  and r i g i d  

l i n e r s .  These same gorup ings  a r e  used to look  a t  f a i l u r e  modes i n  

S e c t i o n  2. A summary o f  p r o p e r t i e s  is g iven  i n  Tab le  1.1. 

1.3.1 The Ea r th  L i n e r s  

N a t u r a l l y  o c c u r i n g  s o i l s  may be used d i r e c t l y  o r  i n  combinat ion 

w i t h  v a r i o u s  admix tures  t o  form s e a l s  f o r  r e s e r v o i r s .  

a)  Compacted S o i l s  : The f i n e  g r a ined  soils (Uni f ied  S o i l  C l a s s i f i c a t i o n  

GW, GC, SW, SC, CL 2nd CH) when compacted a t  a s u i t a b l e  wa t e r  c o n t e n t  

c an  prov ide  a sound l i n e r .  The soils should  be compacted n e a r ,  or 

p r e f e r a b l y  above t h e  optimum moi s tu r e  con t en t .  M i t c h e l l  e t  a 1  (1.965) 

show t h a t  t h e  minimum p e r m e a b i l i t y  normal ly  o c c u r s  j u s t  wet of optimum, 

and does  n o t  change markedly a t  mo i s tu r e  c o n t e n t s  above t h a t .  

However s m a l l  changes  i n  mo i s tu r e  c o n t e n t  below optimum c a n  change 

t h e  magnitude of  t h e  s o i l  p e r m e a b i l i t y  by up t o  two o r d e r s  of 

magnitude. The g r e a t e r  t h e  compactive e f f o r t ,  t h e  lower t h e  

r e s u l t i n g  p e r m e a b i l i t y  w i l l  be. The f l e x i b i l i t y  o f  t h e  f i n a l  

so i l  l a y e r  a l s o  depends p r i m a r i l y  on t h e  compaction m o i s t u r e  

c o n t e n t ,  a s  o u t l i n e d  i n  S e c t i o n  2.3.2. The a b i l i t y  o f  a c l a y  -. 
\ 

to s e a l  a r e s e r v o i r  is due  p r i m a r i l y  t o  t h e  f a c t  t h a t  t h e  c l a y  

p l a t e l e t s  w i l l  a d s o r b  wate r  and swe l l .  The expanding c l a y  f i l l s  

-7 
t h e  soil 's  vo id s  and y i e l d s  p e r m e a b i l i t i e s  as low a s  LO cm/sec. 

(Kays 1977).  I f  t h e  m a t e r i a l  s t o r e d  i n  t h e  r e s e r v o i r  c o n t a i n s  a 

h igh  c a t i o n  c o n t e n t ,  exchange o f  t h e  sodium ions  i n  t h e  c l a y  may 

occur .  Th i s  w i l l  r educe  t h e  s w e l l i n g  p o t e n t i a l  o f  t h e  c l a y ,  



Perhaps  t o  such  an e x t e n t  a s  t o  r ende r  i t  u s e l e s s  a s  a  s e a l a n t .  

Other  problems w i th  s o i l  l i n e r s  are e l a b o r a t e d  i n  s e c t i o n  2. 

b)  --- S o i l  S e a l a n t s  

S o i l  s e a l a n t s  may be n a t u r a l  or s y n t h e t i c ,  and a r e  de s igned  to 

mix w i t h ' e x i s t i n g  s o i l  and through r e a c t i o n  w i th  t h e  s o i l ,  

d e c r e a s e  its pe rmeab i l i t y .  

i) Ben ton i t e  Sea l an t :  

Ben ton i t e  may be added t o  an  e x i s t i n g  soi l  e i t h e r  by 

d i r e c t  a p p l i c a t i o n  t o  t h e  s u r f a c e  o f  t h e  soil  fo l lowed  

by harrowing i n  o f  t h e  powder or s l u r r y ,  o r  by washing i n t o  

t h e  so i l  o f  b e n t o n i t e  which h a s  been sp r ead  ove r  t h e  wate r  

s u r f a c e ,  The d i f f e r e n t  s e a l i n g  methods have been compared 

by R o l l i n s  and Dy l l a  (1970).  I t  was found t h a t  a  l a y e r  o f  

b e n t o n i t e  b u r i e d  under a  soi l  l a y e r  was most e f f e c t i v e  a s  

t h i s  dec r ea sed  t h e  e f f e c t  o f  t h e  w e t t i n g  and d r y i n g  c y c l e s  

on  t h e  s e a l .  

The b e n t o n i t e  must be r e t a i n e d  by t h e  s o i l ,  and s o  t h i s  

method can  o n l y  be used on t h e  f i c e r  g r a n u l a r  soils and 

silts. The p l a s t i c  n a t u r e  o f  t h e  b e n t o n i t e  a l l ows  " s e l f  

h e a l i n g "  t o  occur  by t h e  washing i n  o f  c l a y  p a r t i c l e s  t o  

damaged zones. I t  is u s u a l  p r a c t i c e  t o . r enew  t h e  b e n t o n i t e  

s e a l ,  u s i n g  approx imate ly  one t e n t h  o f  t he  or iqinal  d o s e ,  

e a c h  yea r  (Kays 1977) .  

Sodium mon tmor i l l on i t e  is p a r t i c u l a r l y  s u s c e p t i b l e  to c a t i o n  

exchange. The American C o l l o i d  Company ha s  developed a  number - 
of p roduc t s  t h a t  resist  t h e  e f f e c t  o f  l e achan t s .  1 

ii) T a i l i n g s  Sl imes:  

Mill o r  mine t a i l i n g s  f i n e r  than  two microns can be used t o  

s e a l  a  r e s e r v o i r  jn  a  s i m i l a r  manner to b e n t o n i t i c  c l a y s .  

-4 P e r m e a b i l i t i e s  i n  t h e  range 10 t o  cm/sec have been 

recorded by M i t t a l  and Morgenstern (1976) .  



iii) Chemical Sealants :  

Chemicals have been used p r imar i ly  t o  increase  s o i l  s t a b i l i t y  

and/or bearing capac i ty ,  w i t h  a r e s u l t a n t  lower p o r o s i t y  and 

hence permeabil i ty.  Some a t tempts  have been made t o  use 

f ac to ry  by-products t o  s e a l  r e se rvo i r s .  These include the  

use o f  sodium r i c h  f l u i d  t o  replace  calcium ions  in  c l a y s  

and hence inc rease  swel l ing  p o t e n t i a l .  Other chemicals  may 

be s u i t a b l e  f o r  p a r t i c u l a r  s o i l  types. 

1.3.2 Rigid Liners  

There has been cons iderable  experience and success  with t h e  

r i g i d  l i n e r  types,  including s t e e l ,  concre te ,  gun i t e ,  a s p h a l t i c  concre te  

and s o i l  cement. Theyhave been used t o  l i n e  r o c k f i l l ,  and e a r t h  and 

r o c k f i l l  dams, f o r  i r r i g a t i o n  c a n a l s  and f o r  r e se rvo i r s .  'They a r e  

a m e n a b l e  t o  t i g h t  q u a l i t y  c o n t r o l  and a r e  s u b j e c t  t o  r e l a t i v e l y  few 

f a i l u r e  modes. However, the  p r i c e  of these  m a t e r i a l s  and the  labour 

content  i n  t h e i r  cons t ruc t ion  normally makes them uneconomical choices.  

i) Concrete: 

Reinforced o r  unreinforced concre te  may be used a s  a 

r e se rvo i r  l i n e r .  Unreinforced concrete is p a r t i c u l a r l y  

s u s c e p t i b l e  t o  cracking due t o  subgrade movements. 

Cracking between pane l s  can be minimised by using narrower 

panels ,  u sua l ly  20 - 30' width. I t  is not  s u i t a b l e  f o r  a c i d  

environments. 

The main advantage o f  s t e e l  a s  a l i n e r  is its s t r u c t u r e d  
\ 

s t r e n g t h  which provides a d d i t i o n a l  s a f e t y  t o  a c r b t i c a l  

i n s t a l l a t i o n .  The c o s t  is usua l ly  p roh ib i t ive .  

iii) Gunite: 

Airblown concre te  placed d i r e c t l y  on the  su r face  t o  be l i n c d  

g ives  a l o w  permeabi l i ty ,  b r i t t l e  l i n e r .  Cracks can form 

r e a d i l y  with any d i f f e r e n t i a l  movements. More t e n s i l e  



s t r e n g t h  can  be o b t a i n e d  by sp r ay ing  t h e  g u n i t e  over  meshes 

o f  s t e e l  or f a b r i c .  Guni te  is normal ly  used i n  c o n j u n c t i o n  

wi th  o t h e r  l i n e r  t y p e s  to p rov ide  an  improved s e a l .  

i v )  A s p h a l t i c  conc re t e :  

Aspha l t  c o n c r e t e  is t h e  conven t i ona l  a s p h a l t  c o n c r e t e  used 

f o r  road paving. The equipment and t e chn iques  f o r  placement  

are r e a d i l y  a v a i l a b l e .  I t  is more f l e x i b l e  than  c o n c r e t e ,  b u t  

s t i l l  canno t  t o l e r a t e  a p p r e c i a b l e  movements. The f i e l d  p e r m e a b i l i t y  

can va ry  wide ly  depending on placement  t echn ique ,  and inhomo- 

g e n e i t i e s  can cause  a p p r e c i a b l e  l e akage  i n  t h i n  l i n e r s .  I t  is 

commofiiy used a s  a n  e r o s i o n  p r o t e c t i o n  b a r r i e r  over  soi l  l i n e r s .  

v )  S o i l  Cement: 

S o i l  Cement is produced by mixing p o r t l a n d  cement w i th  i n s i t u  

s o i l  and adding water and compacting. For l o w  p e r m e a b i l i t i e s  

to be ach ieved  f i n e  g r a ined  soils must be used. The main 

advantages  o f  t h i s  mix a r e  its i n c r e a s e d  e r o s i o n  r e s i s t a n c e  

and improved ag ing  p r o p e r t i e s .  

1.3.3 F l c x i b l e  L i n e r s  

Cont inuous  f l e x i b l e  membranes, made from p l a s t i c s  and rubbe r s  a r e  

wide ly  used to  p rov ide  ve ry  low leakage  r e s e r v o i r s .  The cost of  t h e s e  

p r o d u c t s h a s  been d e c r e a s i n g  r a p i d l y  over  t h e  l a s t  decade,  and t h e y  are 

now i n  common usage. 

The l a r g e  range of  p o s s i b l e  combinat ions  o f  compounding i n g r e d i e n t s ,  

such a s  pigments ,  a c c e l e r a t o r s  and a n t i o x i d a n t s ,  t o g e t h e r  wi th  t h e  v a r i a t i o n  

i n  p r o d u c t i o n  t e chn iques  mean t h a t  l i n e r  p r o p e r t i e s  may va ry  c o n s i d e r a b l y  

Gene ra l l y  t h e  l i n e r  m a t e r i a l  is produced i n  rol ls  up to 1.8m i n  w id th  

by ca l ende r ing .  Reinforcement f a b r i c  may be i n t roduced  to  form t h r e e  or 

f i v e  p l y  s h e e t s .  Unre inforced  l i n e r s  may a l s o  be produced and lamina ted  to 

reduce t h e  p o s s i b i l i t y  o f  p i n h o l e s  i n  t h e  f i n i s h e d  produc t .  



These s h e e t s  may then be joined e i t h e r  i n  the  f i e l d  o r  f ac to ry  

by seaming. The o v e r a l l  s t r e n g t h  and e f f e c t i v e r r s s o f  t h e  f in i shed  l i n e r  

depends heav i ly  on the  q u a l i t y  of the  s e a l s .  There a r e  four  common 

seaming techniqdes,  and it is important t o  choose the  c o r r e c t  method f o r  

a  p a r t i c u l a r  l i n e r  ma te r i a l .  D i e l e c t r i c  o r  r ad io  frequency seaminq uses  

a  high wattage r ad io  frequency t o  genera te  h e a t ,  causing t h e  ma te r i a l  t o  

become thermoplas t ic  and flow together .  S imi la r ly  hea t ing  elements may 

be appl ied  t o  the  ma te r i a l  t o  form the  seam. Solvents  t o  a t t a c k  the 

inner  s u r f a c e s  of the  overlapping l i n e r  s h e e t s  may be appl ied  t o  produce 

the  seam. F i n a l l y ,  adhesives of the  cold s e t t i n g  o r  two component type 

may be used. 

The more commonly used types of m a t e r i a l s  a r e  l i s t e d  below with 

t h e i r  more important p rope r t i e s .  

a  P l a s t i c  m a t e r i a l s  

P l a s t i c  ma te r i a l s  have been i n  ex i s t ance  longer than o the r  ma te r i a l s  

and account f o r  the  g r e a t e s t  percentage o f  modern l i n e r  systems. 

i) Polyvinyl Chloride (PVCL 

A resin is mixed with a  " ~ l a s t i c i z e r "  which w i l l  vary depending 

upon the  a p p l i c a t i o n  and expected l i f e  of the  l i n e r .  I t  is t h e  

l o s s  of t h i s  p l a s t i c i z e r  through water e x t r a c t i o n  and hea t  

v o l a t i l i z a t i o n  which g ives  PVC i ts  poor ageing c h a r a c t e r i s t i c .  

The l o s s  of p l a s t i c i s e r  causes s t i f f e n i n g ,  lower t e a r  r e s i s t a n c e  

and some shrinkage. F ie ld  seaming is usual ly  achieved using 

adhesives, while shop f a b r i c a t i o n  uses frequency seaming t o  
.. 

produce wide sheets .  \ 

ii) Polyethelene (PE) 

PE is a  high molecular weight wax. No p l a s t i c i s e r  is used t o  

produce PE, and it i s  made d i r e c t l y  i n t o  d f i lm  by an en t rus ion  

process. PE is r e a d i l y  shaped, has a  low permeabi l i ty ,  and is 

cheap. However it i s  very s u s c e p t i b l e  t o  u l t r a v i o l e t  l i g h t ,  



and requ i re s  a  s u b s t a n t i a l  cover t o  p r o t e c t  it from ageing, 

and t o  h e l p  prevent  f l o a t  up of t h e t h i n  mater ia l .  

iii) Chlorinated Polyethelene 

Produced by Dow Chemicals, t h i s  thermoplas t ic  l i n e r  has  b e t t e r  

f l e x i b i l i t y  and ageing c h a r a c t e r i s t i c s  than PVC o r  PE. I t  is 

seamed using s o l v e n t s ,  and is produced i n  a  re inforced  form. 

Aromatic compounds can cause swel l ing  and e f f e c t  the  seams. 

i v )  Hypalon: 

Hypalon is a chlorosul fonated  polyethelene produced by DuPont. 

With  time it slowly vulcanises  t o  an e las tomer icmater ia l .  

This  slow cur ing  g ives  it e x c e l l e n t  weathering and ageing 

p roper t i e s .  I t  is a l s o  r e s i s t a n t  t o  a  wide v a r i e t y  of 

co r ros ives  and chemicals. Shrinkage is a problem i n  unlaminated 

s h e e t s ,  and seaming is r e l a t i v e l y  d i f f i c u l t .  

b) Elastomers: 

Syn the t i c  rubbers ,  produced by vulcanis ing  copolymers, inc lude  

b u t y l  rubber, e thylene  - propylene rubber,  e l a s t i c i s e d  polyolef in .  

Very low pe rmeab i l i t i e s  a r e  achieved i n  these  ma te r i a l s  becau-2 

o f  the  t i g h t  molecular s t r u c t u r e .  This  s t r u c t u r e  makes the  

m a t e r i a l s  d i f f i c u l t  t o  seam a s  so lven t s  have t roub le  penet ra t ing .  

The e l a s t i c  p r o p e r t i e s  of the  rubbers allow them t o  remain f l e x i b l e  

over  a  wide range of temperatures. The o r i g i n a l  products  were 

s u s c e p t i b l e  t o  ozone a t t a c k ,  and had poor r e s i s t a n c e  t o  hydro- 

carbons and aromatic  chemicals. These d e f i c i e n c i e s  have been 

remedied t o  some e x t e n t  i n  l a t e r  products.  Generally th? c o s t  is higher  

than the  p l a s t i c s ,  
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CHAPTER 2 - GEOTECIINICAL CON'IDERATIONS - 

2.1 E f f e c t s  o f  seepaqe  from a  l i n e d  r e s e e .  

A major  c o n c e r n  f o r  d e s i g n e r s  o f  a  l i n e d  r e s e r v o i r  is t h e  l e a k a g e  

of f l u i d  from t h e  s t o r a g e .  The l e a k a g e  may o c c u r  th rough  t h e  i n t a c t  1 , ine r  

a s  i n  t h e  c a s e  o f  a  c l a y  l i n e d  r e s e r v o i r ,  or th rough  a  damaged o r  impared 

" imper reab le"  l i n e r .  

The l e a k a g e  w i l l  a f f e c t  b o t h  t h e  r e s e r v o i r  i t s e l f  and t h e  

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

and benea th  t h e  r e s e r v o i r  may govern t h e  s t a b i l i t y  o f  t h e  s t r u c t u r e .  L o c a l l y ,  

t h e  l e a k a g e  w i l l  a f f e c t  t h e  h e i g h t  o f  t h e  ground wate r  t a b l e ,  and t h e  

r e s e r v o i r  l o c a t i o n  i n  t h e  n a t u r a l  h y d r o g e o l o g i c a l  environment  w i l l  a f f e c t  

t h e  d i s p e r s i o n  and d i s t r i b u t i o n  o f  p o l l u t a n t s  p r e s e n t  i n  t h e  l e a k i n g  f l u i d .  

2.1.1 L o c a l  E f f e c t s  : 

The g e n e r a l  sequence  o f  seepage  e v e n t s  f o l l o w i n g  f i l l i n g  o f  a  

r e s e r v o i r  is; 

i) A w e t t i n g  f r o n t  w i l l  p r o g r e s s  th rough  t h e  l i n e r  and u n d e r l y i n g  

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

ii) When t h e  w e t t i n g  f r o n t  c o n t a c t s  e i t h e r  an impermeable s t r a t u m  or 

t h e  ground w a t e r  t a b l e ,  a  mound w i l l  d e v e l o p  and rise towards  t h e  

r e s e r v o i r .  

i i i )  I f  t h e  mound c o n t a c t s  t h e  r e s e r v o i r ,  s a t u r a t e d  seepage  w i l l  occur  

th rough  a  mound whose h e i g h t  is f i x e d  by t h e  r e s e r v o i r  l e v e l .  

A d e t a i l e d  mathemat ica l  a n a l y s i s  o f  t h i s  sequence o f  e v e n t s  h a s  been 
? 

o u t l i n e d  by McWhorter and Nelson (1979) f o r  t h e  c a s e  o f  a  t a i l i n b s  dam i n  

which t h e  d e p t h  o f  t a i l i n g s  and slime is i n c r e a s i n g  w i t h  time. Kisch (1959) 

examines  a s i m i l a r  s i t u a t i o n ,  b u t  w i t h  a  c o n s t a n t  t h i c k n e s s  o f  l i n e r  m a t e r i a l .  

The major  c o n c l u s i o n s  o f  t h e s e  s t u d i e s  are t h a t  t h e  d i s c h a r g e  th rough  a 

p a r t i a l l y  s a t u r a t e d  l i n e r  and f o u n d a t i o n  m a t e r i a l  depends  to o n l y  a  v e r y  

minor e x t e n t  on t h e  u n s a t u r a t e d  c h a r a c t e r i s t i c s  o f  t h e s e  m a t e r i a l s . .  For 



most geome t r i e s  t h e  l i n e r  is e f f e c t i v e l y  s a t u r a t e d  a f t e r  a  r e l a t i v e l y  

s h o r t  time, and t hen  t h e  d i s c h a r g e  from t h e  r e s e r v o i r  is governed by 

t h i s  p e r m e a b i l i t y  and t h e  head o f  f l u i d  i n  t h e  r e s e r v o i r .  The founda t i on  

m a t e r i a l  does  n o t  s i g n i f i c a n t l y  e f f e c t  t h e  rate o f  d i s c h a r g e  u n l e s s  it 

is v e r y  f i n e  w i th  a p e r m e a b i l i t y  less than  o r  e q u a l  t o  t h e  d i s c h a r g e  

from t h e  l i n e r .  T h i s  is n o t  normal ly  t h e  c a s e  a s  i f  t h e  f ounda t i on  

m a t e r i a l  were t h i s  imperrreable, a  l i n e r  would p robab ly  n o t  be r equ i r ed .  

Once t h e  w e t t i n g  f r o n t  h a s  reached an  impe rmab le  l a y e r  o r  t h e  

p h r e a t i c  s u r f a c e  t h e  mound beg in s  t o  develop.  During t h i s  s t a g e  t h e  

seepage  rate w i l l  b e  c o n s t a n t  and i r d ~ e n d e n t  o f  t h e  d e p t h  to t h e  a q u i f e r  or 

impermeable l a y e r .  The shape o f  t h e  mound can  be de te rmined  u s ing  

Dupu i t ' s  assumption (Harr  1962) and t h e  time r a t e  o f  development o f  t h e  

mound is g iven  by McWorter and Nelson (1979) .  A f i n i t e  e lement  s t u d y  

o f  t h i s  h a s  been done by F reeze  (1972) .  

I f  t h e  mound r eaches  t h e  r e s e r v o i r  l e v e l  b e f o r e  s t e a d y  s t a t e  

is e s t a b l i s h e d ,  t hen  l a t e r a l  sp r ead ing  o f  t h e  mound w i l l  occur .  The 

r e s i s t a n c e  t o  l d t e r a l  sp r ead ing  i n  t h e  founda t ion  m a t e r i a l  w i l l  have a 

s i g n i f i c a n t  i n f l u e n c e  on t h e  r e s e r v o i r  l eakage .  I n i t i a l l y  an  i n c r e a s e  

i n  pore water  p r e s s u r e  a t  t h e  i n t e r f a c e  between the founda t ion  and 

l i ne r  w i l l  c ause  reduced leakage .  With time, l e akage  w i l l  d e c r e a s e  

to ' a  r a t e  c o n t r o l l e d  e n t i r e l y  by l a t e r a l  f l ow  i n  t h e  foundat ion.  T h i s  

c a s e  can  be ana ly sed  us ing  s t a n d a r d  t e chn iques  f o r  d e t e r m i n a t i o n  of  a 

f low n e t  i n  a  s o i l .  

2.1.2 Regional  E f f e c t s  : -. 
\ 

The main concern  on a r e g i o n a l  b a s i s  is t h e  movement o f  

p o l l u t a n t s  from the  ho ld ing  r e s e r v o i r  i n t o  t h e  sur rounding  environment.  

P o l l u t a n t s  move through a  subsu r f ace  f low system by a  complex 

i n t e r a c t i o n  o f  four  p r o c e s s e s  : convent ion ,  d i s p e r s i o n ,  molecu la r  



d i f f u s i o n  and hydrogeochemical r e t a r d a t i o n .  The pr imary  mechanism is 

convec t i on ,  where t h e  p o l l u t a n t s  t r a v e l  wi th  t h e  c a r r i e r  f l u i d .  The 

rate o f  t r a v e l  w i l l  be a f f e c t e d  by t h e  r e t a r d i n g  e f f e c t  o f  hydrogeo- 

chemical  i n t e r a c t i o n  between t h e  s o i l  and t h e  p o l l u t e d  f l u i d ,  and t h e  

sp r ead ing  o f  t h e  p o l l u t a n t  f r o n t  by d i s p e r s i o n .  Elolecular d i f f u s i o n  

is unimpor tan t  when compared w i th  d i s p e r s i o n .  

The use o f  t a i l i n g s  dams, ponds and lagoons  f o r  s t o r a g e  o f  

uranimum and o t h e r  l.ong term t o x i c  was t e s  which may be l eaked  i n t o  

t h e  hydrosphere  ha s  meant t h a t  a c c u r a t e  e s t i m a t e s  o f  t h e  time b e f o r e  

t h e s e  was t e s  reappear  i n  wells, s p r i n g s  or s t r e ams  have been r equ i r ed .  

The f i n a l  s e l e c t i o n  o f  a  s i t e  f o r  l ong  term t o x i c  wastes w i l l  depend 

on a number o f  c r i t e r i a  (Wil l iams 1979) b u t  p r i m a r i l y  on t h e  hydro- 

g e o l o g i c  c o n d i t i o n s .  

Cher ry  e t  a 1  (1973) s u g g e s t  t h e  fo l l owing  c r i t e r i a  

(a) l a n d  should  be  devoid o f  s u r f a c e  water  

( b )  t h e  wate r  t a b l e  should  be s e v e r a l  me t e r s  below ground s u r f a c e ,  

and such  t h a t  l a r g e  f l u c t u a t i o n s  a r e  u n l i k e l y .  

(c)  t h e  t ime to  reappearance  o f  wa t e r  contaminated by t h e  s i t e  

shou ld  be s u f f i c i e n t l y  g r e a t .  

The time t a k e n  be fo r e  t h e  p o l l u t a n t  r e appea r s  a t  t h e  so i l  

s u r f a c e  depends p r i m a r i l y  on t h e  hyd rogeo log i ca l  c o n d i t i o n s .  

F reeze  (1972) used computer s i m u l a t i o n  t o  examine t h e  s t e a d y  s t a t e  

r e g i o n a l  f low through a  ground wate r  basin .  The g e o l c g i c a l  model 

used is shown i n  F igu re  2.1. Flow was cons ide r ed  i n  t h e  u n s a t u r a t e d  

and s a t u r a t e d  zones  o f  t h e  soil. The heavy a r rows  o u t l i n e  th$ f l ow  
\ 

p a t h s  o r i g i n a t i n g  from s e v e r a l  p o i n t s  on t h e  s u r f a c e ,  r e p r e s e n t i n g  

l o c a t i o n s  o f  proposed waste  l agoons  or s i m i l a r .  The hyd rogeo log i ca l  

d a t a  f o r  e ach  s i te  i s  g iven  i n  F igu re2 .1  



The f low p a t t e r n  is s t r o n g l y  i n f l u e n c e d  by t h e  g e o l o g i c a l  

c o n f i g u r a t i o n .  R e l a t i v e l y  minor changes  i n  t h e  l o c a t i o n  o f  t he  was te  

lagoons means s i g n i f i c a n t l y  d i f f e r e n t  f low p a t h s  and t r a v e l  times 

s i n c e  f low is concen t r a t ed  i n  t h e  h igh  p e r m e a b i l i t y  l a y e r s .  For 

example, t h e  flow p a t h  o r i g i n a t i n g  a t  V is one  of  t h e  s h o r t e s t  p a t h s ,  

b u t  h a s  one o f  t h e  l o n g e s t  times o f  t r a v e l ,  a s  t h e  f low p a t h  is 

e n t i r e l y  i n  t h e  low p e r m e a b i l i t y  m a t e r i a l .  P a t h s  from Y and Z are 

similar i n  l e n g t h ,  b u t  t h e  time o f  t r a v e l  from Z is approx imate ly  

h a l f  t h a t  from Y ,  s i n c e  it i s  predomina te ly  i n  t h e  h igh  p e r m e a b i l i t y  

s o i l .  

2.2 F a c t o r s  a f f e c t i n g  l i n e r  p e r m e a b i l i t y  - E a r t h  L i n e r s  

E a r t h  l i n e r s  p l aced  under c o n t r o l l e d  c o n d i t i o n s  may have 

t h e i r  p e r m e a b i l i t y  reduced wi th  t i m e  by t w o  main p roce s se s .  These 

a r e  t h e  washing o f  f i n e  m a t e r i a l  from t h e  l i n e r  by t h e  s eep ing  wa t e r ,  

or t h e  b reak ing  o f  t h e  p l aced  s t r u c t u r e  o f  t h e  s o i l  by wea ther ing .  

The l a t t e r  p r o c e s s  cou ld  be expec ted  ro a c t  over  a  l a r g e  a r e a  o f  t h e  

r e s e r v o i r ,  w h i l s t  t h e  former is more l i k e l y  to occu r  a t  i s o l a t e d  p o i n t s ,  

de te rmined  p r i m a r i l y  by p r e f e r r e d  seepage p a t h s .  

2.2.1 Weatherinq : 

There  h a s  been c o n s i d e r a b l e  w o r k  done on t h e  wea ther ing  of 

rock ( O l l i e r  1969 ) ,  b u t  r e l a t i v e l y  l i t t l e  h a s  been pub l i shed  on t h e  

wea ther ing  o f  an  i n t a c t  soi l  s t r a t a .  Most o f  t h e  p roce s se s  a t  w o r k  

-. 
i n  r ock  wea ther ing  a r e  s i g n i f i c a n t  on ly  over  p e r i o d s  l onge r  than the  

d e s i g n  l i f e  o f  most l i n e d  r e s e r v o i r s .  P h y s i c a l  weather ing o f  a  s o i l  

l i n e r  is t h e  major f a c t o r  and is mainly due to e i t h e r  t h e  over-  

c o n s o l i d a t i o n  o f  t h e  upper l a y e r s  by d e s s i c a t i o n ,  or c r y s t a l  growth 



such a s  ice l e n s i n g .  Chemical and b i o t i c  wea ther ing  would normal ly  

be i n s i g n i f i c a n t .  

2.2.2 W e t t i n g n d  Drying Cyc l e s  

On exposure  t o  t h e  a i r  o f  a  compacted l i n e r  t h e  upper l a y e r s  

s t a r t  t o  d r y .  The n e g a t i v e  p o r e  wate r  p r e s s u r e s  s e t  up by t h i s  d e s s i c a t i o n  

cause  o v e r c o n s o l i d a t i o n ,  and t h e  development o f  t e n s i l e  s t r e s s e s  a t  t h e  

s u r f a c e .  Cracks  and f i s s u r e s  r e s u l t  l e a v i n g  i n t a c t  nugge ts  o r  b locks  

o f  o v e r c o n s o l i d a t e d  m a t e r i a l  between them. A s  t h e  c y c l e  o f  v e t t i n g  and 

d ry ing  c o n t i n u e s ,  t h e  soil  w i l l  swell and s h r i n k ,  b u t  du r ing  s w e l l i n g  it 

w i l l  n o t  r e t u r n  to i ts  o r i g i n a l  volume and t h e  p a t t e r n  o f  c r a c k s  and 

f i s s u r e s  becomes w e l l  e s t a b l i s h e d .  

T h i s  t y p e  o f  behaviour  can  be observed  i n  s u r f a c e  c r ack ing  i n  

any a r i d  or semi-ar id  c l i m a t e .  However i n fo rma t ion  on t h e  ; a te  o f  

development o f  a system o f  c r a c k s ,  and t h e  consequence change i n  s t r a t a  

p e r m e a b i l i t y  is d i f f i c u l t  t o  o b t a i n .  K ja r t an son  (1978) s t u d i e d  f i r s t  

t ime s l i d e s  i n  a road c u t t i n g  i n  i n t a c t  c l a y .  There  w a s  s u f f i c i e n t  

s t r e n g t h  r e d u c t i o n  w i t h i n  fou r  y e a r s  to  i n i t i a t e  some s l i d e s ,  and a s  

t h i s  s t r e n g t h  r educ t i on  was due  to t h e  fo rmat ion  o f  a  blocky s t r u c t u r e  

p resumat ly  t h e  p e r m e a b i l i t y  was c o n s i d e r a b l y  a l t e r e d  i n  t h e  same pe r i od .  

R o l l i n s  and Dyl la  (1970) ran  a  series o f  f u l l  s c a l e  tests to  de t e rmine  

t h e  e f f e c t i v e n e s s  o f  b e n t o n i t e  s e a l i n g  o f  r e s e r v o i r s .  The s e a l s  were 

found t o  be  i n e f f e c t i v e  g e n e r a l l y  a f t e r  two t o  t h r e e  c y c l e s  o f  w e t t i n g  

and d r y i n g ,  l o s i n g  two o r d e r s  o f  magnitude o f  p e r m e a b i l i t y  i n  t h i s  t i m e .  

I t  shou ld  be noted t h a t  o t h e r  e f f e c t s  such a s  i c e  fo rmat ion  and l e a c h i n g  

which may have been a t  work were n o t  s e p a r a t e d  from t h e  e f f e c t s  o f  . 
d e s s i c a t i o n .  \ 

T h i s  t ype  o f  d e t e r i o r a t i o n  can on ly  t a k e  p l a c e  over  a wide 

a r e a  i f  t h e  r e s e r v o i r  l e v e l  is s u b j e c t  t o  f l u c t u a t i o n s .  A c o n s t a n t  

l e v e l  r e s e r v o i r  w i l l  be s u b j e c t  t o  d e t e r i o r a t i o n  o n l y  near  t h e  f u l l  



2.2.3 Freeze-thaw c y c l e s  

F r o s t  a c t i o n  can  a l s o  produce o v e r c o n s o l i d a t i o n  and c r a c k i n g  

o f  soils. The i n c r e a s e  i n  volume upon f r e e z i n g  can s p l i t  t h e  soi l ,  

and wate r  w i l l  be drawn from t h e  s o i l  a d j a c e n t  t o  t h e  ice l e n s e  to  

e n l a r g e  t h e  s i z e  o f  t he  l e n s e  (Mackay 1974) .  S o i l s  w i t h  h igh  a c t i v i t y  

and h igh  mo i s tu r e  c o n t e n t s  appear  more s u s c e p t i b l e  t o  ice l e n s e  fo rmat ion  

(Michel 1978 ) .  Kja r tanson  (1978) q u o t e s  a  c a s e  where a  ret iculate ice 

v e i n  network wi th  v e i n s  up to f i v e  m i l l i m e t e r s  t h i c k  was no ted  to  a 

dep th  o f  2.5 metres i n  a n  unp ro t ec t ed  impervious  p l a s t i c  core a f t e r  one 

w in t e r .  Such a  network formed i n  a  l i n e r  would have a  major e f f e c t  on  

i ts  wa te r  t i g h t n e s s .  

At tempts  have been made by Geomorphologists to  c l a s s i f y  t h e  

e f f e c t  o f  c l i m a t i c  regimes on t h e  wea ther ing  of  rock. P e l t i e r  (1950) 

r e l a t e s  r a i n f a l l  and annua l  mean t empe ra tu r e  to chemica l  and f r o s t  

wea ther ing .  S i m i l a r  r e l a t i o n s h i p s  probably e x i s t  f o r  wea ther ing  of  

soil,  and such a  f o rmu la t i on  would be o f  use i n  cho i ce  o f  l i n e r  type.  

2.2.4 Expansive S o i l  

An expans ive  soil  used a s  a  l i n e r  w i l l  s u f f e r  a  r e d u c t i o n  i n  

p e r m e a b i l i t y  i n  t h e  upper l a y e r s  due  to s w e l l i n g .  For an  unb l anke t t ed  

l i n e r ,  Kisch (1959) s u g g e s t s  t h a t  t h e  upper 70% o f  t h e  l i n e r  is 

i n e f f e c t i v e .  T h i s  pe r cen t age  may be reduced by u s ing  a b l a n k e t  over  

t h e  expans ive  c l a y  l i n e r  t o  p rov ide  an overburden p r e s s u r e  and hence 

reduce s w e l l i n g .  

2.2.5 Removal o f  F ine  Grained S o i l s  

I n  n a t u r a l  so i l s  t h e r e  is an accumula t ion  of  c o l l o i d a l  c l a y  
\ 

p a r t i c l e s  i n  t h e  B-horizon. I t  is be l i eved  (Thornbury 1969) t h a t  

t h e s e  p a r t i c l e s  a r e  removed i n  suspens ion  by decending s o i l  wa te r .  

Uowever, t h e  r a t e  o f  such l e a c h i n g  is normal ly  slow, and s i g n i f i c a n t  

l e a c h i n g  t o  sub-base so i l s  would n o t  be expec ted  i n  t h e  economic l i f e  

o f  most wate r  r e t a i n i n g  s t r u c t u r e s .  



A t  engineering time s c a l e s  flow can occur d i r e c t l y  on most 

non-dispersive c l a y s  with no apprec iable  eros ion .  ~ h e r a r d  e t  a 1  (1976) 

showed t h a t  v e l o c i t i e s  of up t o  5 t o  10 f t / s  could be maintained f o r  

hundreds o f  hours through nondispersive c l a y  samples, and quotes  examples 

o f  c o n s t a n t  d ischarge  l eaks  through homogeneous c l ay  dams e x i s t i n g  f o r  

decades. However t h e r e  a r e  a  number of s o i l  types which a r e  s u s c e p t i b l e  

to eros ion .  The most notable  o f  these  a r e  the  d i s p e r s i v e  s o i l s .  

2.2.5.1 Dispersive Clays 

Considerable work has been done on uncompacted low head homogeneous 

farm dams i n  A u s t r a l i a  (Aitchison e t  a 1  (1963),  Aitchison and Wood (1965) 

and Ra l l ings  (1966)).  They found t h a t  c l a y s  with a  high percentage of 

exchangable sodium c a t i o n s  a r e  suscep t ib le  t o  e ros ion  along p r e f e r r e d  

seepage pa ths ,  p a r t i c u l a r l y  i f  the  r e se rvo i r  water has a  low con ten t  

o f  solube s a l t s .  

The e ros ion  o r  p in ing  of these  c l a y s  is due t o  d i spe r s ion .  

The exchangable sodium c a t i o n s  inc rease  the  th ickness  of the  d i f f u s e  

double l a y e r ,  and inc rease  t h e  repuls ive  fo rce  between c l a y  p l a t e l e t s .  

This  occurs  f o r  a l l  c l a y  types ,  bu t  the  e f f e c t  is more pronounced f o r  

t h e  smec t i t e  group. A s  a  consequence o f  t h e  reduced i n t e r p l a t e  bond, 

running water can de tach  ind iv idua l  p a r t i c l e s .  A t  low flow v e l o c i t i e s ,  

t h e  c l a y  around the  flow channel swe l l s  and progress ive ly  s e a l s  t h e  

leak .  However i f  t h e  i n i t i a l  v e l o c i t y  is s u f f i c i e n t l y  rapid ,  t he  

d i spe r sed  c l a y  p a r t i c l e s  a r e  c a r r i e d  out .  

The e f f e c t  is no t  l i m i t e d  t o  uncompacted f i l l s .  Landon and 

Al tschaeff  (1976) showed t h a t  i n  add i t ion  t o  s o i l  type and water con ten t  
-, 

composition, the  compaction water content  was o f  primary impoktance. 

The i n t e r a c t i o n  of a l l  t he  above f a c t o r s  must be considered i n  determining 

t h e  e r o d a b i l i t y  of a  s o i l .  S o i l s  compacted dry  of optimum tend t o  have a  

more porous s t r u c t u r e  due t o  aggregat ion o f  the  clay.  These l a r g e  pores 



appear  to a  c o n t r i b u t i n g  f a c t o r  i n  making soils d r y  o f  optimum more 

s u s c e p t i b l e  t h a n  t h o s e  compacted wet o f  optimum. 

There  is s t i l l  d e b a t e  o n  which l a b o r a t o r y  tests to use t o  

d e t e r m i n e  t h e  s u s c e p t i b i l i t y  o f  a  soi l  t o  d i s p e r s i o n .  The o r i g i n a l  

tes t  i n t r o d u c e d ' w a s  t h e  Crumb T e s t  (Railings 1966) .  flowever t h e  most 

commonly a c c e p t e d  one now is t h e  P i n  Hole T e s t ,  i n  which w a t e r  is 

a l lowed  to p a s s  th rough  a  p r e p a r e d  h o l e  i n  a  specimen and t h e  e x t e n t  

o f  e r o s i o n  noted.  Shera rd  and Decker (1976) s u g g e s t  t h a t  bo th  t h e  

above be  done,  t o g e t h e r  w i t h  a tes t  o f  d i s s o l v e d  s a l t s  i n  t h e  r e s e r v o i r  

wa te r  and t h e  S o i l  Conserva t ion  S e r v i c e  D i s p e r s i v e  T e s t  (Decker and 

Dunnigan 1976) .  A p o s i t i v e  r e s u l t  t o  any o f  t h e s e  is to be regarded  

as i n d i c a t i v e  o f  a  d i s p e r s i v e  c l a y .  

2.2.5.2 O t h e r  S u s c e p t i b l e  S o i l s  

F a i l u r e  by p i p i n g  h a s  been n o t e d  i n  f i n e  g r a i n e d  soils which 

are n o t  d i s p e r s i v e ,  b u t  which have a f l a t  g r a d i n g  c u r v e  e x t e n d i n g  o v e r  

t h e  r a n g e  o f  c l a y s ,  s i l t s  and sands .  The Balderhead dam (Vaughan e t  a1 

1970) and t h e  Yards Creek Upper R e s e r v o i r  Dam (Shera rd  1973) b o t h  had 

g r a v e l l y  c l a y  cores. Smal l  c o n c e n t r a t e d  l e a k s  a r e  b e l i e v e d  t o  have  

l e a d  to washing o f  t h e  f i n e s  o u t  o f  t h e  c o r e s ;  t h e  g r a d i n g  o f  t h e  c o r e s  

being t o o  f l a t  to r e t a i n  t h e  f i n e s  o n  t h e  g r a n u l a r  mat r ix .  The c l a y  

f r a c t i o n  i n  t h e  above c a s e s  d i d  n o t  have s u f f i c i e n t  swell p o t e n t i a l  to  

s e a l  t h e  cracks. 

The above c l a y s  a r e  presumably o f  a d i f f e r e n t  mineralogical 

compos i t ion  t o  t h e  u s u a l  d i s p e r s i v e  c l a y s ,  and c a n n o t  be  r e c o g n i s e d  b y  

chemica l  tests. However it i s  i n t e r e s t i n g  t h a t  b o t h  gave r e a c i n g s  up 

\ 
to 508 on t h e  S o i l  C o n s e r v a t i o n  S e r v i c e  D i s p e r s i o n  T e s t  (Sherard  e t  a1  

1972) .  

I n o r g a n i c  s i l t  and f i n e  s i l t y  s a n d s  a r e  h i g h l y  s u s c e p t i b l e  

t o  p i p i n g ,  b u t  a r e  unlike1.y t o  be  used by themse lves  to form t h e  

impervious  l i n i n q  o f  a  reservoir. 



2.3 - Formation o f  v e f e r r e d  Seepage P a t h s  - E a r t h  L i n e r s  

Concen t ra ted  seepage through a l i n e r  c an  l e a d  t o  washing o u t  o f  

soil  and t h e  development o f  p ip ing .  The cause  o f  t h e  p r e f e r r e d  p a t h  may 

be p r e s e n t  be fo r e  f i l l i n g  o f  t h e  r e s e r v o i r  o r  may be developed due  to 

t h e  l o a d i n g  imposed by t h e  r e s e r v o i r  f i l l i n g .  

2.3.1 S o i l  anomolies  

Var ious  f a u l t s  i n  c o n s t r u c t i o n  procedure  and c o n t r o l  may l e a d  

to  i m p e r f e c t i o n s  i n  t h e  l i n e r .  V a r i a t i o n  i n  compactive e f f o r t  and t h e  

v a r i a b l e  n a t u r e  o f  t h e  p l aced  m a t e r i a l  may l e a d  to zones  wi th  l o c a l l y  

h ighe r  pe rmeab i l i t y .  Condui t s  and o t h e r  s t r u c t u r e s  p l aced  th rough  t h e  

l i n e r  a r e  l i k e l y  s o u r c e s  o f  c o n c e n t r a t e d  l eakage .  C a r e f u l  a t t e n t i o n  

to d e t a i l i n g  and c o n s t r u c t i o n  s u p e r v i s i o n  should  reduce t h e  i nc idence  

o f  t h e s e  f a u l t s .  

2.3.2 T e n s i l e  c r a c k i n g  

Once t h e  r e s e r v o i r  is loaded  d i f f e r e n t i a l  s e t t l e m e n t s  and 

movements t a k e  p lace .  T e n s i l e  s t r a i n s  a r e  developed, and i f  t h e  m a t e r i a l  

is s u f f i c i e n t l y  b r i t t l e  c r a c k i n g  w i l l  occur .  

T e n s i l e  zones  may deve lop  where t h e r e  a r e  a b r u p t  changes  i n  

t h e  s t i f f n e s s  o f  t h e  s u p p o r t  m a t e r i a l ,  or where t h e r e  is an  a b r u p t  

change i n  shape.  Changes i n  t h e  s t i f f n e s s  o f  t h e  m a t e r i a l  unde r ly ing  

t h e  m a t e r i a l  may be due to  (1) d i f f e r e n t  f ounda t i on  m a t e r i a l s  

( 2 )  poor compaction o f  t h e  subbase 

( 3 )  poor or i n c o r r e c t  b a c k f i l l i n g  o f  

t r e n c h e s  f o r  c o n d u i t s ,  d r a i n s  etc.  

( 4 )  f r o z e n  zones  i n  t h e  founda t i on ;  

Abrupt changes  i n  t h e  shape  of  t h e  l i n e r ,  such a s  t h e  

t r a n s i t i o n  from r e s e r v o i r  s i d e  t o  bottom o r  around an  o u t l e t  c o n d u i t  

w i l l  l e a d  to stress c o n c e n t r a t i o n s  and p o s s i b l e  t e n s i l e  s t r a i n i n g .  



I t  is poss ib le  t o  c a l c u l a t e  where zones of t e n s i l e  s t r e s s  

and s t r a i n  w i l l  occur i n  q u i t e  complex s i t u a t i o n s  using the  F i n i t e  

Element method. T h i s  has been done f o r  the  E l  I n f i e r n i l l o  Dam (Lee 

and Shan 1969) and the  Duncan Dam (Krishnaya 1973). This  s o r t  o f  

complex a n a l y s i s  is ,  however, not normally j u s t i f i a b l e  fo r  small  

l i n e d  r e se rvo i r s .  

The d u c t i l i t y  o f  t h e  l i n e r  is of primary impo;tance i n  

determining whether c racks  w i l l  develop in  zones o f  t e n s i l e  s t r a i n .  

Factors  which a f f e c t  the d u c t i l i t y  a r e  t h e  type o f  s o i l ,  t he  water 

content ,  t h e  r a t e  o f  s t r a i n ,  t he  type and amount o f  compaction and 

the  s t r e s s  s t a t e  in  a d i r e c t i o n  normal t o  the  t e n s i l e  s t r e s s  d i r e c t i o n .  

The method which is used t o  test t h e  s o i l  a l s o  has a major e f f e c t  on 

the  r e s u l t s  obtained.  

Leonards and Narian (1963) tested-compacted prisms of s o i l  

i n  bending, and found t h a t  c racking was i n i t i a t e d  a t  very low s t r a i n s  

(0.1%) a t  moisture con ten t s  a t  l e a s t  3% below optimum. D u c t i l i t y  

' increased t o  0.3% a t  optimum and l i t t l z  inc rease  was shown f o r  a d d i t i o n a l  

moisture-added. An a t tempt  was made t o  r e l a t e  s o i l  type t o  p ip ing  and 

cracking p o t e n t i a l .  This is given in  Table 2.1. 

Krishnaya (1973) observed a s i m i l a r  increase  i n  d u c t i l i t y  

near and up t o  optimum. Increased compactive e f f o r t  gave a s l i g h t l y  

higher  s t r a i n  a t  f a i l u r e ,  while the  add i t ion  of ben ton i t e  s i g n i f i c a n t l y  

increased  the  f a i l u r e  s t r a i n .  

2.3.3 Other causes  

F a u l t s  o r  geologica l  movements due t o  subsidence may l ead  . 
to cracking of l i n e r s .  An example of f a i l u r e  due t o  movement'on f a u l t s  

induced by se t t l emen t  is the  Baldwin H i l l s  Reservoir.  This f a i l u r e  is 

examined i n  d e t a i l  under Case His to r i e s .  

Expansive c l a y s  a s  foundation m a t e r i a l  may c r e a t e  d i f f e r e n t i a l  

s e t t l e m e n t  of a l i n e r  i f  overburden p ressu res  and/or access  t o  water 

v a r i e s  ac ross  the  s i t e ,  



Gas o r  a i r  t r apped  beneath t h e  l i n e r  may cause  r u p t u r e  of 

t h e  l i n e r .  Organic m a t e r i a l  i n  t h e  subbase can con t inue  t o  produce 

g a s ,  and s l i g h t  v a r i a t i o n s  i n  t h e  unders ide  l e v e l  o f  t h e  l i n e r  may 

l e a d  t o  c o n c e n t r a t i o n s  forming. Venting by means of a c o r r e c t l y  des igned  

unde rd ra in  system can a l l e v i a t e  t h i s  problem. 



2.4 - F l c x i b l e  l i n e r s  

The s e l e c t i o n  of  a  s u i t a b l e  p l a s t i c  or o t h e r  impermeable 

f l e x i b l e  l i n e r  depends to  a  l a r g e  e x t e n t  on t h e  m a t e r i a l  to be con t a ined  

i n ,  and t h e  opeYating c o n d i t i o n s  o f ,  t h e  r e s e r v o i r .  I t  is beyond t h e  

scope o f  t h i s  r e p o r t  t o  examine i n d i v i d u a l  l i n e r  types .  IIowever, 

i n fo rma t ion  can be o b t a i n e d  from t h e  r e f e r e n c e s  g iven  i n  t h e  Bib l iography .  

For t h i s  d i s c u s s i o n ,  p l a s t i c  l i n e r s  a r e  cons ide r ed  a s  t h e s e  a r e  c u r r e n t l y  

t h e  most economic t ype  and t h e i r  f a i l u r e  modes are t y p i c a l  of  t h o s e  

f o r  o t h e r  f l e x i b l e  l i n i n g s .  

The p e r m e a b i l i t y  o f  an  i n t a c t  p i e c e  o f  a  p l a s t i c  l i n e r  is 
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ve ry  l o w ,  g e n e r a l l y  be ing  below 10 cm/s. However h o l e s  a r e  i n v a r i a b l y  

p r e s e n t ,  e i t h e r  due to manufac tur ing  f a u l t s ,  mishandl ing or mi s sea l i ng .  

Tab le  2.2 g i v e s  seepage r a t e  comparisons  based on t h e  pe r sona l  e x p e r i e n c e  

o f  Kays (1977) .  These v a l u e s  a r e  a  rough gu ide  on ly ,  and f i e l d  v a l u e s  

cou ld  v a r y  a p p r e c i a b l y  from t h o s e  shown. 

The main c a u s e s  o f  damage t o  p l a s t i c  l i n e r s  a r e  b r i e f l y  l l s t e d  

below f o r  r e f e r ence .  A d d i t i o n a l  i n fo rma t ion  may be o b t a i n e d  from Kays 

(1977) and t h e  Bib l iography .  Those k i t h  g e o t e c h n i c a l  import  a r e  examined 

i n  more d e t a i l .  

2.4.1 Mechanical  d i f f i c u l t i e s  

Holes can be c r e a t e d  i n  t h e  l i n e r  du r ing  manufacture ,  sh ipp ing  

and hand l i ng  and i n s t a l l a t i o n .  P inho l e s  e x i s t  i n  e f f e c t i v e l y  a l l  p l a s t i c  

l i n e r s  and t h e s e  become focuse s  f o r  t e a r i n g .  Laminating o f  l i n e r  m a t e r i a l s  

removes t h i s  problem. Larger  h o l e s  due t o  mishandl ing a r e  more r e a d i l y  -. 
s e e n  and r e p a i r e d  d u r i n g  c o n s t r u c t i o n .  \ 

F i e l d  seams f o r  l i n e r s  a r e  a common sou rce  o f  leakage.  The 

a d h e s i v e s  uscd may be u n s u i t a b l e  o r  con t imina ted .  iiumidity and tempera ture  

,. can  e f f e c t  t h e  sea l  and improper l i n i n g  l a y o u t  or c o n t r a c t o r  i nexpe r i ence  

can  a l l  l e a d  t o  i n e f f e c t i v e  s e a l s .  



S e a l s  around s t r u c t u r e s  a r e  p a r t i c u l a r l y  S u ~ c f p t a i b l e  to  

leakage ,  and r e q u i r e  p a r t i c u l a r  a t t e n t i o n .  S u f f i c i e n t  l i n i n g  m a t e r i a l  

must be  p l aced  i n  c o r n e r s  to  p r even t  b r i d g i n g  occur ing .  

The impor t an t  p o i n t  t o  n o t e  is t h a t  no ma t t e r  how c a r e f u l l y  

a job is completed t h e r e  a r e  such a  l a r g e  number o f  s o u r c e s  o f  t e a r i n g  

and h o l i n g  t h a t  it is p ruden t  to assume t h a t  l e a k s  w i l l  occur  i n  t h e  

l i n e r .  

2.4.2 S o i l s  Problems 

A number o f  s o i l s  problems are p e c u l i a r  to p l a s t i c  l i n e d  

r e s e r v o i r s .  

2 .4 .2 .1  Subbase : 

The p r e p a r a t i o n  o f  t h e  ba se  f o r  t h e  l i n e r  h a s  t o  be c a r e f u l l y  

c o n t r o l l e d  to avoid s h a r p  o b j e c t s  which may punc tu r e  t h e  membrane. I n  

a d d i t i o n ,  o r g a n i c  m a t t e r  must be removed so t h a t  g a s  fo rmat ion  under 

t h e  membrane does  n o t  occur .  Holes and c r a c k s  i n  t h e  subgrade c a n  cause  

t h e  l i n e r  to e x t r u d e  and may l e a d  to t e n s i l e  f a i l u r e ,  p a r t i c u l a r l y  i f  

t h e  h o l e  is b r idged  by t h e  membrane. Br idg ing  can a l s o  occur  a t  

s t r uc tu r e - subbase  i n t e r f a c e .  C e r t a i n  r e eds  can  grow through some l i n e r s .  

These shou ld  be removed, and t h e  ground s t e r i l i z e d .  

2.4.2.2 Leakage : 

I t  should be expec ted  t h a t  l eakage  w i l l  o ccu r  from an 

"impermeably" l i n e d  r e s e r v o i r .  The magnitude o f  t h i s  l e akage  is 

d i f f i c u l t  to de t e rmine  a s  it depends on f a u l t s  i n  t h e  l i n e r ,  r a t h e r  

than  t h e  p r o p e r t i e s  o f  t h e  l i n i n g  m a t e r i a l .  Moni tor ing o f  l e akage  

by an  unde rd ra in  sys tem can  d e t e c t  f a u l t s ,  and p o s s i b l y  t h e i r l o c a t i o n .  
\ 

Regiona l  and l o c a l  e f f e c t s  a s  o u t l i n e d  i n  t h e  s e c t i o n  on e a r t h  l i n e d  

r e s e r v o i r s  need a l s o  t o  be cons idered .  



I f  t h e  groundwater r i ses  abovc t h e  base  o f  t h e  r e s e r v o i r ,  

e i t h e r  due t o  l c akaye  from t h e  r e s e r v o i r ,  o r  changes  i n  t h e  ground- 

water regime a  r e v e r s e  h y d r o s t a t i c  p r e s s u r e  w i l l  a c t  when t h e  r e s e r v o i r  

is empty. U p l i f t  on  t h e  base  o f  t h e  r e s e r v o i r  w i l l  cause  t h e  l i n e r  t o  

l i f t .  R e f i l l i n g  w i l l  n o t  n e c e s s a r i l y  a l l e v i a t e  t h i s  c o n d i t i o n ,  a s  water 

t ends  t o  pond under t h e  l i n e r  forming bubbles .  A s  t!le p r e s s u r e  head is 

i n c r e a s e d  t h e  bubble d e c r e a s e s  i n  s i z e  b u t  deve lops  a s m a l l  r a d i u s  and 

t h i s  may l e a d  to r u p t u r e  (Kay3 1977) .  S i m i l a r  f a i l u r e  r e s u l t s  from t r apped  gases .  

2 . 4 . 2 . 3  Membrane Cover : 

A , s o i l  cove r  is o f t e n  r e q u i r e d  o v e r  an impermeable l i n i n g .  

The t h i c k n e s s  of t h e  soil  cove r  w i l l  be determined by t h e  fo l l owing  

f a c t o r s .  Some l i n i n g  m a t e r i a l s ,  such a s  PVC and po lye thy l ene  a r e  

s t r o n g l y  degraded by u l t r a v i o l e t  l i g h t ,  w h i l s t  o t h e r s ,  p a r t i c u l a r l y  

rubber  based l i n i n g  m a t e r i a l s  a r e  weathered by ozone. The f l e x i b i l i t y  

o f  a l i n e r  is a f f e c t e d  by temperature .  PVC and p o l y t h e l e n e  become 

. s t i f f  i n  c o l d  t empe ra tu r e s  and more s c o c e p t i b l e  t o  damage by impact 

such a s  h a i l  o r  ice. The p r o p e r t y  range of  t y p i c a l  l i n e r s  is g i v e n  

i n  Tab l e  1.1. Wave and wind a c t i o n  can l i f t  uncovered l i n e r s ,  c a u s i n g  

t e a r i n g .  Wave e r o s i o n  and s l u f f i n g  of  t h e  s o i l  cover  c an  reduce t h e  

t h i c k n e s s  o f  t h e  p r o t e c t i v e  l a y e r .  

The s l o p e  o f  t h e  i n s i d e  o f  t h e  r e s e r v o i r  w i l l  be de te rmined  

p r i m a r i l y  by t h e  f r i c t i o n  between t h e  l i n i n g  m a t e r i a l  and t h e  so i l  

cover .  F o s t e r  e t  a 1  (1977) used a modif ied d i r e c t  s h e a r  box to 

measure v a l u e s  o f  f r i c t i o n  f o r  hypalon a g a i n s t  d i f f e r e n t  soil  types .  

There  a r e  t h r e e  c a s e s  which must be ana lysed .  These a r e  t h e S t a b i l i t y  
\ 

o f  t h e  l i n i n g  s o i l  i n  t h e  mo i s t  immediately pos t - cons t ruc t i on  c o n d i t i o n ,  

wi th  t h e  r e s e r v o i r  f u l l ,  and r a p i d  drawdown. The r a p i d  drawdown c a s e  

is l i k e l y  t o  be most c r i t i c a l  u n l e s s  a  f r e e l y  d r a i n i n g  g r a n u l a r  m a t e r i a l  

is used f o r  t h e  s o i l  cover.  



I t  is neces sa ry  to anchor  t h e  l i n i n g  material  a t  t h e  embankment 

l e v e l .  T y p i c a l l y  a  t r e n c h  is dug and l i n e r  l ayed  i n  it and b a c k f i l l e d .  

A s i m i l a r  d e t a i l  may be used a t  t h e  t o e  i f  t h e  l i n e r  does  n o t  ex t end  

a c r o s s  t h e  f l o o r  o f  t h e  r e s e r v o i r .  

If l a r g e  s e t t l e m e n t s  a r e  expec ted ,  a l lowance  should  be made 

f o r  t h i s  e x t e n s i o n  o f  t h e  l i n e r  by p rov id ing  " tucks"  i n  both d i r e c t i o n s .  

If t h e  s e t t l e m e n t s  are l i k e l y  to be s i g n i f i c a n t l y  d i f f e r e n t  i n  t h e  c u t  

and f i l l  zones  o f  t h e  r e s e r v o i r  w a l l ,  a berm between t h e s e  zones w i l l  

a l l e v i a t e  h igh  t e n s i l e  s t r a i n s .  

The placement  o f  t h e  s o i l  cover  m u s t  be c a r r i e d  o u t  i n  such 

a manner t o  p r e v e n t  t e a r i n g .  A minimum t h i c k n e s s  from a  p r a c t i c a l  

c o n s t r u c t i o n  v iewpoin t  is 0.6m pe rpend i cu l a r  to t h e  s l ope .  



2.5 R ig id  L i n e r s  

R ig id  l i n e r s  are p a r t i c u l a r l y  s e n s i t i v e  t o  subgrade  v a r i a t i o n s .  

The i r  r i g i d i t y  p r e v e n t s  them from fo l l owing  t h e  shape o f  t h e  subgrade  

and so t h e y  have to span a c r o s s  any weak zones ,  h o l e s  etc., perhaps  
- 

lead' ing to crack ing .  

Holes o r  weak zones  may form benea th  a  r i g i d  l i n e r  due  to inadequa te  

subgrade compaction,  o r  s e t t l e m e n t  o f  t h e  ground. C e r t a i n  soils a r e  

s u b j e c t  to subs idence  when we t t ed ,  and s i n c e  it must be assumed t h a t  a 

r e s e r v o i r  w i l l  l e a k ,  p r e c a u t i o n s  a g a i n s t  t h i s  shou ld  be taken ,  such 

as p r ewe t t i ng .  

Seepage from a l i n e r  c an  cause  bedding or f i l t e r  m a t e r i a l  t o  

be washed o u t  from under t h e  l i n e r ,  aga in  l e a d i n g  to s h e l l - l i k e  cave-ins 

o f  t h e  r i g i d  l i n i n g .  T h i s  h a s  been no ted  w i t h  c o n c r e t e  l i n i n g s  and c l a y  

c o n c r e t e  l i n e r s  ( I p f e l k o f e r  1961 ) ,  p a r t i c u l a r l y  where t he  bedding h a s  

been p l a c e d  on  j o i n t e d  rock. 

Swe l l i ng  or bu lg ing  of  t h e  founda t ion  m a t e r i a l  can a l s o  l e a d  t o  

f a i l u r e  of r i g i d  l i n e r s .  Expansive s o i l s  may be d i f f e r e n t i a l l y  we t t ed  

by l e a k a g e  l e a d i n g  t o  s u b s t a n t i a l  d i f f e r e n t i a l  movements, (Hol tz  & 

Gibbs 1954) .  F r o s t  heave may a l s o  cause  problems; b u t  t h i s  can be 

g e n e r a l l y  avoided by t h e  d e s i g n  o f  an adequa t e  underdra in  system. 

Excess  h y d r o s t a t i c  p r e s s u r e  benea th  a  l i n e r ,  such as  may occur af ter  

t h e  r a p i d  lowering o f  t h e  r e s e r v o i r  l e v e l ,  c an  a l s o  cause  c r a c k i n g  of  

t h e  l i n e r .  



Steady s t a t e  regional  flow through a ground water  bas in  

-- 
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Hydrogeological d a t a  f o r  comparison of t h e  waste d i s p o s a l  
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TABLE 2.1 : C l a s s i f i c a t i o n  o f  Embankment Materials - 
P i p i n g  and Crack ing  

( L e o n a r d ~  & N a r i a n  1963) 



TABLE 2.2 : PERMEABILJTIES OF LINERS 

Liner Type - Perneability Ranqe (Cm/S) 

Earth Liners 

Compacted Soil - 10y7 

Bentonite Sealant - lo-7 

Rigid Liners 

Concrete 

Steel 
> 
Gunite 

Asphaltic concrete 

Soil Cement 

Flexible Liners 

Polyvinyl Chloride 

Polye thelene 

Chlorinated Polyethelene 

Hypalon 

Elastomers 

10 
-7 

Nil 

5 

- loq9 

10 
-7 

Note : Data primarily from Kays (1977), ~illiams (1979) and 

manufacturers specifications. 
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CHAPThR 3 - CASE IIISTORIES 

CASE HISTORY A 

A p l a s t i c  membrane l i n e d  r e s e r v o i r  was b u i l t  i n  a  n o r t h e r n  A l b e r t a  

town i n  1966 t o  a c t  a s  a s t i l l i n g  b a s i n  f o r  t h e  removal of s i l t  from t h e  r i v e r  

water  used a s  t h e  town water  supp ly .  A p ip ing  f a i l u r e  developed th rough  t h e  

embankments i n  t h e  w in t e r  o f  1979 d i s c h a r g i n g  l a r g e  q u a n t i t i e s  o f  wate r  i n t o  - 
t h e  su r round i ng  a r e a .  

A. 1. D e s c r i p t i o n  of  t h e  Reservo i r  

The r e s e r v o i r  i s  approx imate ly  500 f t  x  400 f t  and ho ld s  19 f t  of 

wa te r .  I t  is l i n e d  w i th  a  6 m i l  "polythene"  l i n e r  p laced  d i r e c t l y  on t h e  

excava ted  s o i l  and compacted embankment. The l i n e r  was p r o t e c t e d  by a  one 

f o o t  t h i c k  l a y e r  o f  s e l e c t e d  f i l l  m a t e r i a l .  The g e n e r a l  l a y o u t  is shown i n  

F i g u r e %  and a t y p i c a l  s e c t i o n  i n  F igu re  3.2. 

A. 1.1 S i t e  D e s c r i p t i o n  

The r e s u l t s  o f  t h e  o r i q i n a l  s i t e  i n v e s t i g a t i o n  f o r  t h e  s t i l l i n g  b a s i n  

were n o t  a v a i l a b l e .  A number o f  l a t e r  i n v e s t i g a t i o n s  c l o s e  t o  t h e  s i t e  were 

examined. The l o c a t i o n  o f  t h e s e  bo reho l e s  i s  shown on F i g u r e 3 4  and t y p i c a l  

borehole  l o g s  a r e  shown i n  F igu re  3.3 .  

These bo reho l e s  show a  s t r a t u m  o f  v a r i a b l e  medium p l a s t i c - c l a y  c o n t a i n i n g  

some o r g a n i c s ,  s t r a t i f i e d  and i n t e rbedded  w i th  s i l t  and sand l e n s e s .  The 

t h i c k n e s s  o f  t h i s  s t r a t u m  v a r i e s  between 7 f t  and 24 f t  i n  t h e  bo reho l e s ,  

and p robab ly  ave r ages  about  20 f t  i n  t h e  r eg ion  of  t h e  r e s e r v o i r .  Beneath 

t h e  c l a y - s i l t  l a y e r  a  dense  g r e y  g r a v e l  c o n t a i n i n g  pocke t s  o f  sand and s i l t  

extended to t h e  end of  t h e  borehole  a t  d e p t h s  up to 32 f t  below t h e  s u r f a c e .  

The a r e a  i s  low l y i n g ,  be ing  abou t  18 f t  above t h e  normal l o c a l  r i v e r  .. 
l e v e l  and c o n s i d e r a b l y  below t h e  su r round ing  p l a i n  l e v e l .  A con tbu r  map 

showing t h e  r e s e r v o i r s  p rox imi ty  t o  t h e  r i v e r  i s  shown i n  F i g u r e U .  The 

s i l t - c l a y  d e w s i t  is a l l u v i a l ,  p robab ly  d e p o s i t e d  a s  a  p o i n t  ba r  a t  t h e  

j u n c t i o n  between t w o  major r i v e r s .  



A. 1.2 C o n s t r u c t i o n  o f  t h e  ~ e s e r v o i r  

N o  d e t a i l s  on m a t e r i a l s  u s e d ,  o r  p r o c e d u r e s  employed i n  t h e  c o n s t r u c t i o n  

o f  t h e  r e s e r v o i r  were a v a i l a b l e .  The o n l y  s o u r c e s  a r e  t h e  i n i t i a l  working 

d rawings ,  o b s e r v a t i o n s  made a t  t h e  time o f  f a i l u r e  and h e a r s a y  i n f o r m a t i o n .  

Hence most o f  t h e  f o l l o w i n g  i s  c o n j e c t u r e .  

The r e s e r v o i r  was c o n s t r u c t e d  by u s i n g  t h e  m a t e r i a l  e x c a v a t e d  from 

t h e  i n t e r i o r  o f  t h e  r e s e r v o i r  f o r  t h e  embankment. Organ ic  m a t e r i a l  i s  

b e l i e v e d  t o  have been removed and t h e  embankment compacted. 

The completed i n t e r i o r  s u r f a c e  had a  c o n s t a n t  g r a d e  o f  1 : 4 over  

i ts  f u l l  h e i g h t .  The m a t e r i a l  was t h e n  raked t o  remove r o c k s  and t h e  6 m i l  

p o l y t h e n e  l i n e r  i n s t a l l e d .  Lapped j o i n t s  were used.  The l i n e r  was brought  

up to t h e  u n d e r s i d e  o f  t h e  c o n c r e t e  s l a b  s u p p o r t i n g  t h e  i n l e t  and o u t l e t  

p i p e s ,  and was anchored a t  t h e  embankment t o p  by running the '  l i n e r  5 f t  o n t o  

t h e  c r e s t  and c o v e r i n g  w i t h  2  E t  o f  soil .  The l i n e r  was t h e n  covered  w i t h  

1 f t  o f  " s e l e c t  f i l l  m a t e r i a l " .  T h i s  m a t e r i a l  can  be s e e n  i n  Photo 7, and 

a p p e a r s  to be a  sandy s i l t  c o n t a i n i n g  pebb les .  I t  is u n l i k e l y  t h a t  t h i s  

c o v e r i n g  s o i l  was compacted s i n c e  compact ion o f  such  a  t h i n  cover  would 

r e q u i r e  s p e c i a l  eqllipment. 

A. 2 .  D e s c r i p t i o n  o f  F a i l u r e  

I n  t h e  w i n t e r  o f  1979 a  sudden excape  o f  water  occured th rough  t h e  

c e n t r a l  p o r t i o n  of t h e  south-west  dyke.  According t o  w i t n e s s e s  t h e  w a t e r  

f lowed from t w o  s e p e r a t e  s o u r c e s .  One was a h o r i z o n t a l  c r a c k  l o c a t e d  on 

t h e  downstream s l o p e  o f  t h e  dyke about .  6 f t  below t h e  c r e s t  being a b o u t  

6 - 8 f t  long  and 6 - 8 f t  wide. The o t h e r  was a t  a  h o l e  l o c a t e d  a t  t h e  -. 
o p p o s i t e  s i d e  o f  a t r e n c h  a d j a c e n t  and p a r a l l e l  t o  t h e  dyke.   he\ l o c a t i o n  

o f  t h e s e  h o l e s  i s  shown on F i g u r e s ,  and t h e  f i r s t  l e a k  h o l e  is shown i n  
- 

Photo  1,  5 and 6. 



The d i s c h a r g e  was f a i r l y  c o n s t a n t  from t h e  t ime t h e  l e a k  was n o t i c e d .  

The wate r  l e v e l  i n  t h e  r e s e r v o i r  was lowered by d r a i n i n g  through t h e  i n l e t  

and o u t l e t  p i p e s  and by d i s c h a r g e  from t h e  l e a k s  to a  l e v e l  e s t i m a t e d  a t  

1 2 '  of  w a t e r .  

The ice on t h e  r e s e r v o i r  a t  t h e  time o f  f a i l u r e  was a p p r o x i m a t e l y  

4 - 6'  f h i c k  and ex tended  r i g h t  up t o  t h e  crest o f  t h e  dam, and i n  some 

p l a c e s  was p i l e d  o v e r  and above t h e  c r e s t .  T h i s  may be seen  i n  Photo 1 and 3. 

An i n s p e c t i o n  soon a f t e r  t h e  f a i l u r e  i n d i c a t e d  a  number o f  c r a c k s  p a r a l l e l  

to t h e  crest,  and e x t e n d i n g  f o r  a b o u t  9 0 '  a long  t h e  c r e s t .  They a r e  i n d i c a t e d  

on F i g u r e  3 5 a n d  shown i n a o t o  2 .  I n s p e c t i o n  i n  w i n t e r  was hampered by t h e  

ice and snow c o v e r i n g .  

The f a i l u r e  was re-examined i n  s p r i n g ,  The s o i l  movements were 

found t o  be minor and s h a l l o w ,  e x t e n d i n g  to  some 4 '  below t h e  c r e s t  on t h e  

downstream s i d e ,  Some b l o c k s  o f  s o i l  had t o p p l e d  down t h e  s l o p e .  T h i s  

r e g i o n  is  shown i n  Pho tos  4 and 5. 

The l i n e r  was i n s p e c t e d  and i n  a  number o f  p l a c e s  t h e  p l a s t i c  was 

exposed where slumps had occured .  The l ? n e r  was s e v e r e l y  degraded and i n  

some l o c a t i o n s  a  f i n g e r  cou ld  r e a d i l y  be poked th rough  it. Bubbles  of 

w a t e r  were n a e d  i n  some a r e a s  undernea th  t h e  l i n e r .  I n  t h e  r e g i o n  

immediate ly  ups t ream o f  t h e  f a i l e d  zone a  l a r g e  a r e a  o f  t h e  embankment 

was exposed where t h e  l i n e r  had a p p a r e n t l y  been p u l l e d  down w i t h  t h e  slumping 

cover  s o i l *  T h i s  r e g i o n  is shown i n  Pho tos  7 ,  8 and 9. 

The downstream e x i t  o f  t h e  p i p e  is shown i n  Pho to  6. I ts l o c a t i o n  

on t h e  embankment i s  i n d i c a t e d  on Photo  5. The o u t l e t  is approx imate ly  

c i r c u l a r  and 8" i n  d i a m e t e r .  S i l t  which h a s  been c a r r i e d  i n  t h e  f l o w  c a n  

be seen  downslope from t h e  open ing .  -. 
\ 



A. 3 .  O p e r a t i o n  o f  t h r  R e s e r v o i r  

Water was pumped i n t o  t h e  r e s e r v o i r  from t h e  ne ighbour ing  r i v e r  by 

manual ly  c o n t r o l l e d  pumps. The w a t e r - l e v e l  f l u c t u a t e d  wide ly  d u r i n g  normal 

o p e r a t i o n  and one c a s e  o f  o v e r t o p p i n g  two months p r i o r  t o  f a i l u r e  h a s  been 

r e p o r t e d .  T h i s  was i n  t h e  same r e g i o n  a s  t h e  f a i l u r e .  

The embankment was g r a s s e d  on t h e  c r e s t  and upst ream f a c e  to approx- 

i m a t e l y  4 '  below t h e  c r e s t .  Beneath t h i s  t h e r e  i s  ev idence  o f  wave a c t i o n  

having washed t h e  f i n e  m a t e r i a l  from t h e  s o i l  cover  l e a v i n g  a  beach o f  c o a r s e  

g r a v e l  c o b b l e s .  T h i s  can  be c l e a r l y  s e e n  i n  Photo 7, and i n d i c a t e s  t h a t  

normal o p e r a t i n g  l e v e l  i s  4 - 6 '  below c r e s t  l e v e l .  

During t h e  s p r i n g  o f  1978 s e v e r a l  s l i p p a g e s  occured  on t h e  U/S  g r a s s e d  

s l o p e s  o f  t h e  r e s e r v o i r .  The l i n e r  was exposed i n  c e r t a i n  a r e a s  where t h e  

s o i l  cover  slumped down (Photo 8 ) .  These a r e a s  were n o t  r e p a i r e d .  

A. 4 .  F a c t o r s  c o n t r i b u t i n g  to  f a i l u r e  

The e x a c t  sequence o f  e v e n t s  which l e d  t o  f a i l u r e  i s  d i f f i c u l t  to 

r e c o n s t r u c t  w i t h  t h e  l i m i t e d  i n f o r m a t i o n  a v a i l a b l e .  The f o l l o w i n g  d i s c u s s i o n  

p r e s e n t s  an h y p o t h e s i s e d  s e r i e s  o f  e v e n t s  which e x p l a i n s  most o f  t h e  phenomena 

observed .  Other  e x p l a n a t i o n s  a r e  c e r t a i n l y  p o s s i b l e .  

A. 4 . 1  Deqrada t ion  o f  t h e  s o i l  cover_ 

The a c t i o n  o f  f reeze- thaw and t h e  c o n t i n u a l  w e t t i n g - d r y i n g  o f  t h e  

soil cover  would g r a d u a l l y  have reduced t h e  s o i l s  cohes ion .  E v e n t u a l l y  

t h e  m a t e r i a l  c o u l d  be expec ted  to  a c t  a s  a  c o h e s i o n l e s s  s o i l .  

I n  a d d i t i o n ,  wave a c t i o n  h a s  removed f i n e s  from t h e  beach a r e a  and 

r e - d e p o s i t e d  it i n  deeper  wa te r .  A beach o f  c o b b l e s  was l e f t  which would -. 
have reduced t h e  e f f e c t i v e  cover  on t h e  p l a s t i c  l i n e r  i n  t h i s  r e d i o n  t o  

an e s t i m a t e d  4".  A s m a l l  c l i f f  was c r e a t e d  a t  t h e  edge o f  t h e  g r a s s e d  

s e c t i o n  above t h e  beach.  T h i s  c l i f f  can  be s e e n  i n  Photo 8 .  



A. 4.2 S l i d i n q  of t h e  l i n e r  c o v e r i n q  m a t e r i a l  

The s l o p e  o f  t h e  u/S f a c e  o f  t h e  r e s e r v o i r  i s  4  : 1. From Photo  9 

i t  would appear  t h a t  t h e  s o i l  c o v e r  slumped a l o n g  the  p l a s t i c  s h e e t i n g  a s  

a  u n i t .  

The a n g l e  o f  f r i c t i o n  between t h e  p l a s t i c  l i n e r  and t h e  s o i l  cover  

is n o t  known. A rough l a b o r a t o r y  t e s t  gave a n  a n g l e  o f  f r i c t i o n  o f  30° 

between t h e  l i n e r  p l a s t i c  and d r y  Ottawa sand.  T h i s  would be t h e  upper  

l i m i t  o f  f r i c t i o n  ang le .  

The behav iour  o f  t h e  s o i l  l i n e r  i s  compl ica ted  by t h e  mode o f  

o p e r a t i o n  o f  t h e  r e s e r v o i r .  Wide v a r i a t i o n s  i n  wa te r  l e v e l  occur  o v e r  s h o r t  

time p e r i o d s .  On a  24 hour b a s i s  3000 000 g a l l o n s  may t y p i c a l l y  be withdrawn. 

T h i s  c o r r e s p o n d s  t o  a d r o p  i n  wa te r  l e v e l  from f u l l  s u p p l y  l e v e l  o f  a b o u t  4 ' .  

To check whether r a p i d  drawdown is a  c o n c e r n ,  t h e  p e r m e a b i l i t y  

r e q u i r e d  t o  a l l o w  t h e  s a t u r a t i o n  l i n e  t o  f o l l o w  t h e  r e s e r v o i r  l e v e l  was 

c a l c u l a t e d  u s i n g  t h e  method proposed by Cedegren (1967) .  Assuming a  p o r o s i t y  

o f  0.3 and a  head d i f f e r e n c e  from one s i d e  o f  t h e  s o i l  cover  t o  t h e  o t h e r  

o f  0.4 '  it was found t h a t  a  minimum p e r m e a b i l i t y  o f  1.8 x cm/s was 

r e q u i r e d .  

T h i s  i s  much g r e a t e r  t h a n  t h e  e x p s c t e d  p e r m e a b i l i t y  o f  t h e  so i l  cover  

which s h o u l d  be i n  t h e  range t o  cm/s. Hence a  c o n d i t i o n  o f  r a p i d  

drawdown s h o u l d  be c o n s i d e r e d .  

The u n d e r c u t t i n g  o f  t h e  g r a s s e d  s e c t i o n  o f  t h e  U/S s l o p e  removed or 

reduced t h e  end r e s t r a i n t  on t h e  l i n e r .  S ince  t h e  s o i l  cover  was a t  t h e  

p o i n t  o f  f a i l i n g ,  a  back a n a l y s i s  was used t o  d e t e r m i n e  t h e  f r i c t i o n  a n g l e  

between t h e  p l a s t i c  l i n e r  and s o i l  cover .  T h i s  gave a  f r i c t i o n  a n g l e  o f  

0 
25 which is i n  t h e  range proposed by F o s t e r  e t  a 1  (1977) .  . 

\ 



S i n c e  t h e  r e s e r v o i r  had been o p e r a t i n g  f o r  12 y e a r s  w i thou t  s l i p p a g e s  

occu r ing ,  some a c t i o n  was r e q u i r e d  t o  reduce t h e  f a c t o r  o f  s a f e t y  below un i t y .  

The most l i k e l y  have a l r e a d y  been d i s c u s s e d  under d e g r a d a t i o n  o f  t h e  l i n e r .  

However it is p o s s i b l e  t h a t  some o t h e r  mechanism may have been t h e  t r i g g e r .  

One p o s s i b i l i t y  is t h a t  t h e  o p e r a t i o n  of  t h e  r e s e r v o i r  may hhve l e d  

to t h e  s a t u r a t i o n  and f r e e z i n g  o f  t he  g r a s sed  s e c t i o n  of  t h e  U/S r e s e r v o i r  

s l o p e .  I f  t h i s  then  remained covercdwi th  ice i t  would be p o s s i b l e  f o r  me l t i ng  

t o  occur f i r s t  a t  t h e  p l a s t i c  l i n e r  - s o i l  cover  i n t e r f a c e .  High po re  p r e s s u r e s  

cou ld  t hen  deve lop ,  l e a d i n g  t o  block s l i d i n g .  

A. 4.3 L i n e r  F a i l u r e  

A. 4.3.1 Deqrada t ion  of  t h e  p l a s t i c  l i n e r  

The l i n e r  m a t e r i a l  i s  d e s c r i b e d  as ' 6  m i l  po ly thene ' .  The p r o p e r t i e s  

o f  p o l y e t h e l e n e  s h e e t i n g  may va ry  wide ly  depending on t h e  q u a n t i t i e s  and 

t y p e s  o f  a d d i t i v e s  added d u r i n g  manufactur ing.  Typ i ca l  p r o p e r t y  v a l u e s  

have been g iven  i n  Table  1.1. 

P o l y e t h e l e n e  is n o t o r i o u s l y  s e n s i t i v e  to u l t r a v i o l e t  l i g h t .  S e r i o u s  

d e g r a d a t i o n  can  be expec ted  w i t h i n  one year  o f  exposure  (Kays 1977) .  Reduced 

t e n s i l e  s t r e n g t h  and i nc r ea sed  b r i t t l e n e s s  r e s u l t .  

F r eez ing  weather w i l l  cause  po lye the l ene  s h e e t  t o  s t i f f e n  even 

f u r t h e r ,  so t h a t  i n  t h e  w in t e r  o f  1979 t h e  exposed l i n e r  was b r i t t l e  and 

s u s c e p t i b l e  to t e a r i n g  under impact  l oads .  

A. 4.3.2 Tea r inq  o f  t h e  p l a s t i c  l i n e r  

The l i n e r  may have been t o r n  i n  two ways : 

A. 4.3.2.1 Bv s l i d i n q  s o i l  cover  -. 
The i n i t i a l  s t r e n g t h  o f  t h e  l i n e r  would be abou t  160 l b / f b  r u n ,  

e s t i m a t e d  from r e c e n t  t e s t s  on s i m i l a r  m a t e r i a l  ( S t a f f  1978) .  An e s t i m a t e  
-. 

of  t h e  f o r c e  e x e r t e d  by t h e  s l i d i n g  soi l  g i v e s  a f o r c e  o f  approx imate ly  

50 l b / f t 2  to t h e  l i n e r .  A t  l e a s t  3 '  o f  t h e  s o i l  cover  has  s l i d ,  and hence 

t h e r e  is s u f f i c i e n t  f o r c e  to cause  f a i l u r e ,  p a r t i c u l a r l y  i f  t h e  l i n e r  were 

d e t e r i o r a t e d .  



I t  is n o t  c l e a r  how much r e d u c t i o n  i n  s t r e n g t h  would have o c c u r e d  

th rough  e x p a w e o f  t h e  l i n e r  t o  o r g a n i c s  and s u n l i g h t .  I t  is however c e r t a i n  

t h a t  a r e d u c t i o n  would have occured .  The p r e s e n c e  o f  bubbles  o f  w a t e r  or 

g a s  benea th  t h e  membrane would have a g g r a v a t e d  t h e  s i t u a t i o n .  

A. 4.3.2.2 B y  ice a c t i o n  

T h i c k n e s s e s  o f  ice up to 6 '  a r e  r e p o r t e d  on t h i s  r e s e r v o i r .  The 

wate r  l e v e l s  f l u c u a t e  w i d e l y ,  which would c a u s e  t h e  i c e  to g r i n d  a g a i n s t  

t h e  exposed membrance l e a d i n g  t o  l o c a l i s e d  p u n c t u r e s .  

I t  is n o t  d e f i n i t e l y  known i f  t h e  l i n e r  was punc tured  a t  t h e  end 

o f  summer 1978. However, t h e  w a t e r  l e v e l  d u r i n g  t h e  summer months i s  more 

c l o s e l y  moni to red  and w a t e r  l e v e l s  would n o t  be  e x p e c t e d  t o  r ise above t h e  

beach l e v e l .  

A.  4.4 Embankment F a i l u r e  

A.  4.4.1 P i p i n g  

The embankment was c o n s t r u c t e d  from m a t e r i a l  excava ted  from t h e  

r e s e r v o i r .  S i n c e  t h e s e  d e p o s i t s  a r e  v a r i a b l e  it shou ld  r e a s o n a b l y  be 

e x p e c t e d  t h a t  t h e  embankment is he te rogeneous  w i t h  l o c a l  zones  of h i g h e r  

s i l t  and sand c o n t e n t .  These ,  t o g e t h e r  w i t h  i r r e g u l a r i t i e s  i n  c o n s t r u c t i o n  

compact ion c o u l d  l e a d  t o  p r e f e r r e d  seepage p a t h s .  

The embankment m a t e r i a l  a d j a c e n t  t o  t h e  f a i l e d  zone was t e s t e d  and 

found to  be a c l a y e y  s i l t .  The g r a d i n g  c u r v e  is shown. in  F i g u r e  8. 

Shera rd  e t  a 1  (1963) s ta tes  t h a t  t h i s  m a t e r i a l  i s  v e r y  s u s c e p t i b l e  t o  

p i p i n g .  

The embankment i s  founded d i r e c t l y  on t h e  c l a y  s t r a t u m .  The 

p r e s e n c e  o f  o r g a n i c s  i n  t h i s  m a t e r i a l  and i ts  low s t r e n g t h  s u g g e s t  t h a t  t h e  
-, 

so i l  is p r o b a b l y  q u i t e  c o m p r e s s i b l e .  V a r i a t i o n s  i n  embankment ci'est l e v e l  

o f  up t o  1 .5  m a s  shown on t h e  c o n t o u r  p l a n  Fig.3.4 i n d i c a t e  t h a t  s u b s t a n t i a l  

d i f f e r e n t i a l  movements have o c c u r e d  w i t h  a l m o s t  c e r t a i n  c r a c k i n g  o f  t h e  

embankment accompanying t h e s e  movements. The l i m i t s  f o r  s u s c e p t i b l e  s o i l s  



sugges ted  by Shera rd  e t  a 1  (1963) a r e  superimposed on t h e  g rad ing  cu rve  

(F igure  3.6) . 
An ove r topp ing  o: t h e  embankment occured two months p r i o r  to  t h e  

f i n a l  f a i l u r e ,  i n  t he  same r eg ion  a s  t h e  f i n a l  f a i l u r e .  

N o  p i p i n g  was noted a t  t h i s  t ime ,  a l t h o u g h  t h i s  would be d i f f i c u l t  

to de te rmine  due t o  t h e  snow and ice cove r .  A t  t h e  l e a s t  t h i s  ove r topp ing  

must have i n c r e a s e d  t h e  water  c o n t e n t  I n  t h e  embankment. The m a t t e r  is 

compl ica ted  by t h e  l a c k  of  any s u b s t a n t i a l  i n fo rma t ion  concern ing  

t h i s  ove r topp inq ,  and p a r t i c u l a r l y  t h e  s t a t e  o f  t h e  embankment a t  t h e  end 

o f  t h i s  i n c i d e n t .  

I n  t h e  week p r i o r  to t h e  f i n a l  f a i l u r e ,  unusua l  ice b u i l d  up occured 

a long  t h e  embankment t o p  i n  t h e  r e g i o n  which f a i l e d .  T h i s  was presumably 

due  t o  t h e  h i g h  water  l e v e l s  be ing  main ta ined  i n  t h e  r e s e r v o i r .  

I t  is of  i n t e r e s t  to s p e c u l a t e  about  t h e  advance of a w e t t i n g  f r o n t  

through t h e  embankment. Th i s  l i n e r  haC been i n  s e r v i c e  f o r  12 y e a r s  and 
- 

had been s u b j e c t  t o  s i g n i f i c d n t  s t r a i n i n g .  C e r t a i n l y  some leakage  would 

have been occurinci from t h e  r e s e r v o i r  and a r e l a t i v e l y  s t e a d y  seepage 

p a t t e r n  would have developed.  The h e i g h t  o f  t h e  p h r e a t i c  s u r f a c e  i n  t h e  

embankment would have depende* on  t h e  q u a n t i t y  o f  d i s c h a r g e  and t h e  l o c a l  

ground wate r  l e v e l .  

The embankment is likely to be a n i s o t r o p i c  s i n c e  i t  was compacted i n  

l a y e r s  w i t h  va ry ing  p r o p e r t i e s .  Some of  t h e s e  l a y e r s  may have a c t e d  s o  a s  

to produce perched wate r  t a b l e s .  I n  a d d i t i o n  t h e  over topping  i n c i d e n t  would 

have i n c r e a s e d  t h e  wate r  c o n t e n t  o f  t h e  upper l a y e r s .  

During t h e  w e e k  p r i o r  t o  f a i l u r e  t h e  w e t t i n g  f r o n t  was e s t a b l i s h e d  

through t h e  upper p o r t i o n  o f  t h e  dyke. Gradual  e r o s i o n  by p i p i n g  would have 

\ 
occured a long  p r e f e r e n t i a l  seepage p a t h s  till f i n a l l y  a complete p i p e  was 

e s t a b l i s h e d  th rough  t h e  dam. Rapid e r o s i o n  of  t h e  s i l t  fo l lowed ,  c r e a t i n g  

a s u b s t a n t i a l  p ipe  and n o t i c e a b l e  f lows .  



A. 4.4.2 S lope  F a i l u r e  

The cause  o f  t h e ' s h a l l o w  s l o p e  f a i l u r e  near  t h e  c r e s t  o f  t he  downstream 

f a c e  is n o t  c l e a r .  The c r a c k s  ex tended  over  a l e n g t h  o f  about  90 '  and may 

no t  be a s s o c i a t e d  wi th  t he  development o f  t h e  p i p i n g  f a i l u r e ,  b u t  r a t h e r  w i t h  

t h e  ove r topp ing  i n c i d e n t .  

The t o p p l i n g  n a t u r e  o f  t h e  f a i l u r e  s u g g e s t s  t h a t  a h o r i z o n t a l  f o r c e  

was a p p l i e d ,  p robab ly  t o  ground t h a t  was f rozen .  P o s s i b l e  s o u r c e s  o f  such  

a f o r c e  i n c l u d e  ice t h r u s t i n g ,  ice l e n s e  fo rmat ion  or e x c e s s  pore  wa t e r  

p r e s s u r e .  Mechanisms f o r  t he  a p p l i c a t i o n  o f  t h e s e  f o r c e s  a r e  n o t  obv ious .  

A. 5. F u t u r e  Reservo i r  Opera t ion  

The water  l e v e l  i n  t h e  r e s e r v o i r  was reduced t o  approx imate ly  

RL 810 m. No f u r t h e r  l eakage  ha s  been r epo r t ed  w i th  t h i s  water  l e v e l  be ing  

main ta ined .  

The r e s e r v o i r  i s  a d j a c e n t  t o  a r i v e r  which f l o o d s  t o  l e v e l s  o f  

approx imate ly  RL 813 m. The s t r a t i g r a p h y  of  t h e  a r e a  i n d i c a t e s  t h a t  t h e  

wate r  l e v e l  under t h e  r e s e r v o i r  would fo l l ow  f a i r l y  r a p i d l y  v a r i a t i o n s  i n  

r i v e r  l e v e l .  

I f  a r e v e r s e  h y d r o s t a t i c  p r e s s u r e  were a l lowed t o  deve lop  benea th  

t he  l i n e r ,  t h e  l i n e r  may l i f t  a l l owing  water  bubbles  to form. I n c r e a s i n g  

t h e  head a g a i n  may n o t  s o l v e  such  a problem a s  t h e  u s u a l  e f f e c t  is t o  

l o c a l i s e  t h e  water  under t he  l i n e r  c r e a t i n g  s m a l l e r  bubbles  wi th  h ighe r  

r e s u l t a n t  stresses i n  t h e  l i n e r .  With t h e  d e t e r i o r i a t e d  s t a t e  o f  t h e  l i n e r ,  

t h i s  would be r i s k y .  



A. 6. Conc lus ions  

The r e s e r v o i r  w i t h  i t s  po ly thene  l i n e r  performed s a t i s f a c t o r i l y  f o r  

1 2  yea r s .  Tha t  it d i d  s o  r e f l e c t s  w e l l  on t h e  po ly thene  s h e e t s  a b i l i t y  to  

remain i n t a c t  whi le  s u s t a i n i n g  s u b s t a n t i a l  s t r a i n s .  Minor l e akages  from 

t h e  l i n e r  c r e a t e d  no problems. 

Lack o f  p r o v i s i o n  of  wave and ice p r o t e c t i o n  f o r  t h e  soil cove r ,  and 

t h e  f a i l u r e  to i n s t r u c t  maintenance s t a f f  o f  t h e  importance o f  ma in t a in ing  

t h e  s o i l  c o v e r s  i n t e g r i t y  were major omiss ions .  

A manual ly  c o n t r o l l e d  pumping system r e q u i r i n g  v i s u a l  moni to r ing  

of t h e  r e s e r v o i r  water  l e v e l  is unwise ,  p a r t i c u l a r l y  i n  r e g i o n s  where an  

ice cover  w i l l  form. An au toma t i c  c u t  o f f  system to p reven t  o v e r f i l l i n g  

should  be s t a n d a r d  p r a c t i c e .  

N o  backing system,  such a s  unde rd ra in s ,  f i l t e r s ,  were used t o  c o n t r o l  

seepage i n  t h e  embankment i n  t h e  c a s e  o f  l i n e r  l eakage .  Where t he  embankment 

is s u s c e p t i b l e  t o  c r ack ing  and p i p i n g  p r o v i s i o n  of  such  a  c o n t r o l  would be 

pruden t .  



F i  rj u rc 3 . 1 : ~ & ~ b ~ ~ < ~ ~ ~ ~ > ~ ~ ~ ~ : ~ ~ ~ ~ ~ ~ ~  1 ,OCArI'I ON O F  1 3 0 1 ? ~ - ~ 1 0 1 ~ ~  

(Case I l i s t o r y  A) 



b'iyurc. 3 . 2  : R I ~ ~ i E I l V O I I ~  1 , I N I N G  LIE'l'AlL, 

(Case R i s L o r y  A) 
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F i g u r e  3 . 3  : TY1'ICAJt g 1 : I I O L E  LOG 

(Case History A )  

Dvpth to Water 20 ' on Penetration R~cistancc N 0 
in norlng Cornn 1 F t i on Pnse 1 of 1 .. 
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Figure 3.4 : LOCALITY PLAN, 

(Case History A )  
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F i g u r e  3 .  5 : T!;O:,i!:'i'it LC V1 !:W ... SllOI.iS . .~," ,. S(; J,OCI\'l':LON ~ .~ - -  OI' l,I:h!<S i i N I 1  CIlRCKS 

(Cast l l i s t o r y  A) 



; Figure 3 . 6  : G R A I N  SIZI :  CURVE FOR 1:b l~ANKbICNT 

(Case His to ry  A) 



Photo 1 

Major l e a k  l o c a t i o n  immediately a f t e r  f a i l u r e .  
Note t h e  i c e  bu i l dup  on  t o p  of  embankment. 

Photo  2 

Crack ing  on t o p  of  t h e  embankment immediate ly  a f t e r  f a i l u r e .  



Photo 3 

Cleared embankment a f t e r  f a i l u r e .  
The  depth of i ce  p i l eup  may be seen. 

Photo 4 

View along D/S edge of embankment i n  f a i l u r e  zone. 
Note toppling of s o i l  blocks near r i m .  



Photo 5 

General  view o f  f a i l e d  embankment. 
Toppled s o i l  b locks  and p ip ing  o u t l e t  a r e  v i s i b l e .  

Photo 6 

Closeup of  p i p i n g  o u t l e t .  



P h o t o  7 

V i e w  o f  embankment U/S o f  p i p i n g  f a i l u r e  o u t l e t .  
Note t h e  s l u m p i n g  o f  g r a s s e d  a r e a s  and  t h e  f o r m a t i o n  
o f  a  beach .  

P h o t o  8 

Damaged s e c t i o n  o f  p o l y e t h e n e  l i n e r  showing e x p o s e d  
embankment  m a t e r i a l .  



Photo  9 

Slumping o f  soil  cover  on a p p a r e n t l y  i n t a c t  
p o l y e t h e n e  l i n e r .  



CASE HISTORY B 
-" 

A wate r  r e t e n t i o n  s t r u c t u r e  f o r  an i n d u s t r i a l  p l a n t  i n  c e n t r a l  A l b e r t a  
-- 

was c o n s t r u c t e d  d u r i n g  1976. Underdra ins  showed e x c e s s i v e  l eakage  once  t he  

r e s e r v o i r  was f i l l e d ;  and upon i n s p e c t i o n  o f  t h e  compacted c l a y  l i n i n g  c r a c k s  

and p o t h o l e s  were observed .  

B. 1. D e s c r i p t i o n  of Reservo i r  

The r e s e r v o i r  is approx imate ly  1200 x 600'  and ho ld s  25' o f  wa t e r .  I t  

is l i n e d  w i t h  3 '  o f  s i l t y  c l a y  compacted t o  95% p r o c t o r  optimum a t  mo i s tu r e  

c o n t e n t s  a t  o r  wet  o f  optimum. T h i s  o v e r l i e s  a  g r a v e l  b l a n k e t  d r a i n  c o n t a i n i n g  

p i p e s  which d i s c h a r g e  th rough  t h e  embankment. The g e n e r a l  l a y o u t  is shown i n  

F i g u r e 3 8  and a  t y p i c a l  s e c t i o n  i n  F igure  3.9 .  

B. 1.1 S i t e  Desc r i p t i on  

The r e s e r v o i r  is l o c a t e d  on a  r i v e r  t e r r a c e  approx imate ly  40' above t h e  

normal r i v e r  l e v e l .  Floods come to w i t h i n  20' o f  t h e  t e r r a c e .  

Bo reho l e s  i n d i c a t e  a  t h i n  l a y e r  o f  t o p s o i l  o v e r l y i n g  a  v a r i a b l e  s t r a t u m  

o f  s t r a t i f i e d  and i n t e rbedded  s i l t y  c l a y  c o n t a i n i n g  f i v e  g r a ined  sand and s i l t  

l e n s e s .  T h i s  s t r a t u m  v a r i e s  i n  t h i c k n e s s  from 5 to 1 5 ' .  Beneath t h e  c l a y  

l a y e r  a  d e p o s i t  o f  dense p o o r l y  graded g r a v e l  o v e r l i e s  sands tone .  The g r a v e l  

l a y e r  v a r i e s  c o n s i d e r a b l y  i n  d e p t h  up to  13 ' .  

I t  is  probab le  t h a t  t h e  g r a v e l  was d e p o s i t e d  i n  t h e  bed o f  a  r i v e r  

o r i g i n a l l y  c u t  i n  t h e  s ands tone ,  and t h a t t h e  s t r a t i f i e d  c l a y  i n  an a l l u v i a l  

d e p o s i t .  The e x a c t  g e o l o g i c a l  h i s t o r y  o f  t h e  a r e a  was n o t  de te rmined .  

B. 1.2 L in inq  M a t e r i a l  

The 3 '  t h i c k  c l a y  l i n e r  was compacted from m a t e r i a l  obta i*  from a 
\ 

b o r r o v ~  p i t  a d j a c e n t  to t h e  r e s e r v o i r .  The s o i l  was a medium p l a s t i c  c l a y  

till, ve ry  s i l t y  wi th  t r a c e s  o f  sand ,  c o a l  and r u s t  specks .  A t t e rbu rg  l i m i t s  

and i n s i t u  p e r m e a b i l i t i e s  were de te rmined  and a r e  summarised i n  F i g u r e s  3.10 and 

- 3.11 S i eve  a n a l y s i s  are  shown on F igu re  3.12. 



There  a p p e a r s  t o  have been two groups  o f  s o i l  p r e s e n t  i n  t h e  borrow 

a r e a ;  one CI and t h e  o t h e r  CL. The p e r m e a b i l i t y  range f o r  bo th  t h e s e  were 

-6 
s i m i l a r ,  between 10  and l o v 9  cm/s. Labora to ry  f a l l i n g  head tests gave 

-4 
v a l u e s  between 2 x 10 and 6 x  lo-' cm/s. D i s p e r s i v e  p r o p e r t i e s  were a l s o  

i n v e s t i g a t e d .  

B. 1.3 Underdrain  System 

A one  f o o t  t h i c k  g r a v e l  b l a n k e t  was p l a c e d  under t h e ' r e s e r v o i r  l i n i n g  

as shown i n  t h e  s e c t i o n ,  F igure  3.9. I t s  s t a t e d  purpose  was t o  e n s u r e  t h a t  

e x c e s s  h y d r o s t a t i c  p r e s s u r e  c o u l d  n o t  b u i l d  up benea th  t h e  r e s e r v o i r  and 

p e r f o r a t e  t h e  c l a y  l i n e r .  

Dra inage  p i p e s  a r e  imbedded i n  t h e  g r a v e l  b l a n k e t  as shown i n  F i g u r e  3.8. 

The s p a c i n g  o f  d r a i n s  was c a l c u l a t e d  c o n s i d e r i n g  t h e  e x p e c t e d  p e r m e a b i l i t y  of 

t h e  l i n e r  (lo-' cm/s) and t h e  e x p e c t e d  seepage from s u r r o u n d i n g  a r e a s .  I t  

a p p e a r s  t h a t  much o f  t h e  s i te  is d r a i n e d  by a  n a t u r a l  g r a v e l  l a y e r .  The 

t h i c k n e s s  o f  t h i s  bed benea th  t h e  c l a y  l i n e r  h a s  been e s t i m a t e d  from t h e  

b o r e h o l e  l o g s  and is  shown i n  F i g u r e 3 . 1 3 T h e  l o c a t i o n  o f  t h e  g r a v e l  o u t c r o p s  

i n  t h e  a d j a c e n t  v a l l e y  which a c t  a s  d i s c h a r g e  c h a n n e l s  f o r  t h e  r e s e r v o i r  a r e a  

a r e  n o t  r e a d i l t y  d e t e r m i n a b l e  due t o  t h e  complex v a r i a b i l i t y  i n  d e p t h  to  t h e  

s a n d s t o n e  strata. 

B. 1.4 Other  c o n s i d e r a t i o n s  

The a c t i o n  o f  freeze-thaw c y c l e s  on t h e  c l a y  l i n e r  were c o n s i d e r e d .  

I t  was b e l i e v e d  t h a t  g r a d u a l  d e t e r i o r a t i o n  was i n e v i t a b l e ,  and hence r e g u l a r  

i n s p e c t i o n s  and r e p a i r  a s  r e q u i r e d  were s p e c i f i e d .  

To e n s u r e  t h a t  t h e  u n d e r d r a i n s  d i d  n o t  f r e e z e  and c a u s e  p r e s s u r e  

b u i l d u p  t h e y  were i n s t a l l e d  a t  s u f f i c i e n t  d e p t h  t o  p r e v e n t  t h i s .  . 
Wave a c t i o n  and ice s c o u r  have been a l lowed f o r  by t h e  p r q v i s i o n  o f  

gabb ions  a t  t h e  o p e r a t i n g  wate r  l e v e l .  

P i e z o m e t e r s  were i n s t a l l e d  i n  t h e  embankment t o  moni tor  pore  wa te r .  

p r e s s u r e .  No measurement from t h e s e  were a v a i l a b l e .  



B. 2 .  D e s c r i p t i o ~ o f  F a i l u r e  : 

The r e s e r v o i r  was f i r s t  f i l l e d  towards  t h e  end o f  November 1978. 

Cons ide r ab l e  d i s c h a r g e  of up to 50 gals /min was noted from p i p e  1. Dive r s  were 

s e n t  under t h e  ice t o  i n s p e c t  t h e  r e g i o n  and a ho l e  was found a d j a c e n t  t o  t h e  

i n l e t  p ipe s .  An a t t e m p t  t o  s e a l  t h i s  w i th  c o n c r e t e  was made and t h i s  reduced 

t h e  d i s c h a r g e  from t h e  p ipe  by abou t  20 gals /min.  

Between t h e  2 1 s t  and 23rd December r a p i d  i n c r e a s e s  i n  d i s c h a r g e  p a r t i c u l a r l y  

from p i p e s  3 and 4 were noted.  Over t h i s  p e r i o d  t h e  t o t a l  d i s c h a r g e  i n c r e a s e d  

from about  50 gals /min t o  200 gals/min.  The r a t e  o f  d i s c h a r g e  con t inued  to 

i n c r e a s e ,  b u t  a t  a d e c r e a s i n g  r a t e  till by t h e  end o f  A p r i l  t h e  d i s c h a r g e  was 

approx imate ly  600 gals/min.  

D e t a i l e d  d i s c h a r g e  r e c o r d s  f o r  i n d i v i d u a l  p i p e s  a r e  shown i n  

F igu re  3; 14. 

I n  May t h e  r e s e r v o i r  was emptied and i n spec t ed .  A d e t a i l e d  r e p o r t  o f  

t h i s  i n s p e c t i o n  was n o t  made a v i l a b l e .  However a v e r b a l  communication i n d i c a t e s  -. 
t h a t  some c r a c k i n g  was noted t r e n d i n g  eas t -wes t .  The c r a c k i n g  was s m a l l  i n  

e x t e n t .  Two s e t s  o f  p o t  h o l e s  were n o t e d ,  One o f  t h e  sets c o n s i s t e d  o f  

two p o t h o l e s  2% f t  and 6 i n c h e s  i n  d i ame te r  abou t  3 f t  a p a r t ,  and l y i n g  ove r  

a n  east-west d r a i n .  The o t h e r  s e t  c o n s i s t e d  o f  about  a h a l f  a dozen  tholes 

2 to 3 i n c h e s  i n  d i ame te r  l o c a t e d  over  t h e  j u n c t i o n  between a major d r a i n  and 

a l a t e r a l  d r a i n .  

These were r e p a i r e d  and t h e  r e s e r v o i r  r e f i l l e d ;  Discharges  i n c r e a s e d  

a g a i n  to abou t  190 gals /min and were s t i l l  i n c r e a s i n g  a t  t h e  time o f  w r i t i n g .  

B. 3.  P o s s i b l e  c a u s e s  o f  e x c e s s  l e akaqe  

The fo l l owing  mechanisms a r e  hypothes i sed  on t h e  b a s i s  o f  l i m i t e d  

i n fo rma t ion .  To de t e rmine  t h e  importance o f  e ach ,  a d d i t i o n a l  te?<s and 

i n fo rma t ion  would be r equ i r ed .  
- 



8. 3.1 L ine r  c r a c k i n q  

The 1.iner m a t e r i a l  i s  s u s c e p t i b l e  t o  c r ack ing .  The l i m i t s  proposed 

by Shera rd  e t  a1 (1963) ;re superimposed on t h e  l i n e r  g r ad ing  c u r v e s  i n  

F igu re  112.However1 i t  is a l s o  n e c e s s a r y  t o  deve lop  t e n s i l e  s t r a i n s  i n  t h e  

l i n e r  be fo r e  c r a c k i n g  can  occu r .  

P o s s i b l e  s o u r c e s  o f  t e n s i l e  s t r a i n i n g  are d i f f e r e n t i a l  s e t t l e m e n t s  o r  

movements 

t i )  A t  j u n c t i o n s  between zones  o f  d i f f e r e n t  c o m p r e s s i b i l i t y  suppo r t i ng  

t h e  l i n e r .  

( i i )  A t  stress c o n c e n t r a t i o n s  due  to changes  i n  l i n e r  s l o p e  or a t  

s t r u c t u r e s  i n  t h e  l i n e r .  

B. 3.1.1 V a r i a b l e  c o m p r e s s i b i l i t y  : 

V a r i a b l e  s t i f f n e s s  i n  t h e  m a t e r i a l  s u p p o r t i n g  t h e  l i n e r  can arise i n  

a number o f  ways. 

B. 3.1.1.1 Rese rvo i r  subbase : Sandstone was i n t e r c e p t e d  i n  t h e  e x c a v a t i o n  a long  

t h e  n o r t h e r n  s i d e  o f  t he  r e s e r v o i r .  An e s t i m a t e  o f  t h e  o u t c r o p  based on borehole  

l o g s  is show7 i n  F igure  3.13The ba lance  o f  t h e  e x c a v a t i o n  was i n  dense  ? r a v e l ,  

w i t h  a small  zone of  t o p s o i l  nea r  t h e  s o u t h  embankment. T h i s  t o p s o i l  was 

to  be removed and r ep l aced  w i th  compacted p i t  r un  g r a v e l .  

The sands tone  is g e n e r a l l y  non-cemented o r  p o o r l y  cemented, a l t h o u g h  

o c c a s i o n a l  l a y e r s  o f  more i n d u r a t e d  sands tone  d o  e x i s t .  

A l l  t h e s e  subbase m a t e r i a l  would he r e l a t i v e l y  s t i f f  and d i f f e r e n c e s  

i n  s t i f f n e s s  would n o t  be expec ted  t o  c ause  s i g n i f i c a n t  d i f f e r e n t i a l  movements. 

B. 3.1.1.2 Embankment - Foundat ion I n t e r f a c e  : The embankment is compacted from 

t h e  s i l t y  c l a y  m a t e r i a l  excava ted  from t h e  r e s e r v o i r .  I n  most p l a c e s  t h i s  

embankment rests on t he  s i l t y  c l a y  s t r a t um.  O c c a s i o n a l l y  t h e  g r a v e l  l a y e r  is 
\ 

d i r e c t l y  under t h e  embankment. No tests were performed to de te rmine  t he  s t r ess  

s t a i n  c u r v e s  o f  t hose  m a t e r i a l s .  I n  a d d i t i o n  t h e  v a r i a b l e  n a t u r e  o f  t h e  a l l u v i a l  

d e p o s i t  used i n  t h e  embankment means t h a t  u n l e s s  p a r t i c u l a r  c a r e  was t aken  i n  

mixing and compaction t h a t  h e t e r o g e n e i t i e s  cou ld  have occured.  



I t  is n o t  p o s s i b l e  t o  d e c i d e  on t h e  b a s i s  o f  t h e  i n f o r m a t i o n  a v a i l a b l e  

whether d i f f e r e n t i a l  movcmcnts o c c u r e d  a t  t h e s e  l o c a t i o n s  o r  whether  t h e y  were 

s u f f i c i e n t l y  l a r g e  t o  cause  c r a c k i n g .  

B,  3.1.1.3 Underdra ins  

The t r e n c h e s  f o r  t h e  d r a i n  p i p e s  under  t h e  g r a v e l  b l a n k e t  a r e  c u t  

i n t o  t h e  s u b s t r a t a  from 2 t o  4 f t  under t h e  f l o o r  o f  t h e  r e s e r v o i r  t o  a l l o w  

s u f f i c i e n t  s l o w  f o r  d r a i n a g e .  Where t h e  c o l l e c t o r  p i p e s  i r e  t a k e n  th rough  

t h e  embankment t h e  r e q u i r e d  t r e n c h e s  would be up t o  10  t o  1 5  f t .  i n  d e p t h ,  

depending on how much o i  t h e  s u r f a c e  soil  was removed from t h e  embankment 

f o u n d a t i o n .  

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

p robab ly  u s i n g  back hoe equipment.  The s p e c i f i c a t i o n  o n l y  r e q u i r e s  t h a t  

" t h e  wid th  o f  t h e  t r e n c h  s h a l l  be s u c h  a s  t o  p e r m i t  t h e  p i p e  t o  be l a i d ,  

j o i n t e d ,  bedded and b a c k f i l l e d ' ,  Compaction o f  t h e  b a c k f i l l  was t o  be to  

95% p r o c t o r  optimum. 

The r e l a t i v e  c o m p r e s s i b i l i t y  o f  t h e  b a c k f i l l  m a t e r i a l  when compared 

to  t h e  n a t u r a l  m a t e r i a l  is impor tan t .  U ~ , l e s s  t h e  c o m p r e s s i b i l i t i e s  a r e  

s i m i l a r ,  t h e n  d i f f e r e n t i a l  s e t t l e m e n t  must occur  over  s h o r t  d i s t a n c e s ,  

r e s u l t i n g  + n  t e n s i l e  s t r a i n ,  w i t h  a h i g h  l i k e l i h o o d  o f  c r a c k i n g  o f  t h e  

l i n e r .  

I n  t h i s  c a n e ,  i t  h a s  been admi t t ed  t h a t  t h e  compaction o f  t h e  

b a c k f i l l  was n o t  c a r r i e d  o u t  c o m p l e t e l y  t o  s p e c i f i c a t i o n .  A more c o m p r e s s i b l e  

zone r e s u l t e d  which may have l e d  t o  c r a c k i n g  o f  t h e  l i n e r .  

B. 3.1.2 S t r e s s  C o n c e n t r a t i o n s  

-. 
B. 3.1.2.1 S t r u c t u r e  - l i n e r  i n t e r f a c e s  \ 

Where s t r u c t u r e s  p e r f o r a t e  t h e  c l a y  l i n e r  problems a r e  l i k e l y  to 

occur  as a  r e s u l t  o f  t h e  d i f f i c u l t y  o f  compaction around t h e  s t r u c t u r e ,  

t h e  s e a l i n g  u p  t o  t h e  s t r u c t u r e ,  and t h e  r i g i d i t y  o f  t h e  s t r u c t u r e  compared 

t o  t h e  l i n e r  and s u p p o r t i n g  s o i l .  



There  a r e  two s t r u c t u r e s  p e n e t r a t i n g  t h e  l i n e r .  One is a  48 i n c h  

d i a m e t e r  p i p e  and t h e  o t h e r  i s  two 24 inch  d i a m e t e r  p i p e s .  These a r e  

suppor ted  a t  t h e  c l a y  l i n e r  by a  c o n c r e t e  s l a b .  The d e t a i l  is shown i n  

F i g u r e  8. Compaction around t h e s e  p i p e s  was s p e c i f i e d ,  b u t  compaction 

a d j a c e n t  t o  p i p e s  is notorious1.y d i f f i c u l t .  No c u t o f f s  were p rov ided  on 

t h e  p i p e s ,  and more p l a s t i c  m a t e r i a l  was n o t  s p e c i f i e d  f o r  t h e  back f i l l  

soil.  

A c o n s t r u c t i o n  error  occured  where t h e  two 24 i n c h  d i a m e t e r  p i p e s  

i n t e r c e p t e d  t h e  l i n e r .  The c o n c r e t e  s l a b  w a s  i n t e n d e d  to l i e  on a minimum 

o f  3  f t .  o f  c l a y  l i n e r .  I n s t e a d  t h e  l i n e r  was run 3  f t  t h i c k  p a r a l l e l  to 

t h e  f a c e ,  l e a v i n g  no impermiable  s o i l  benea th  t h e  s l a b .  T h i s  is s k e t c h e d  

i n  F igure  3.15.Prominent f low c h a n n e l s  developed down t h e  s i d e s  o f  t h e  

c o n c r e t e  c r e a t i n g  a  gap  o f  a p p r o x i m a t e l y  1 inch .  Repair  w a s , a t t e m p t e d  

by p l a c i n g  l a r g e  q u a n t i t i e s  of c o n c r e t e  i n  t h e - a r e a .  T h i s  reduced t h e  

f low ftom t h e  u n d e r d r a i n  i n  t h e  a r e a  by a p p r o x i m a t e l y  20 gals/min.  

(See F i g u r e  3.14) 

I t  is n o t  known whether t h e  g a p  bras c r e a t e d  by m a t e r i a l  washing 

o u t ,  o r  by s h r i n k a q e  o f  t h e  l i n e r .  However s h r i n k a g e  a p p e a r s  u n l i k e l y  

s i n c e  t h e  m a t e r i a l  was n o t  a l lowed  to d r y  s u b s t a n t i a l l y  a f t e r  p lacement .  

T h i s  p i n t  w i l l  be c o n s i d e r e d  l a t e r  under  l i n e r  p i p i n g .  

B. 3.1.2.2 Chanqes i n  s l o p e  

I n  g e n e r a l  s h a r p  changes  i n  s l o p e  l e a d  t o  stiess c o n c e n t r a t i o n s  

which may produce t e n s i l e  c r a c k i n g .  S h a r p  c o r n e r s  s h o u l d  be rounded o f f  

and sudden changes  i n  g r a d e  avoided.  A t  a number o f  l o c a t i o n s  i n  t h e  

r e s e r v o i r  t h i s  p r a c t i c e  h a s  n o t  been o b s e r v e d ,  n o t a b l y  a t  t h e  j u n c t i o n  

between t h e  s i d e  s l o p e s  and t h e  r e s e r v o i r  bottom. With a b r i t t c ?  m a t e r i a l  

t h i s  is a n  unwise p r a c t i c e .  



B. 3.2 - L i n e r  P i p i n q  

B. 3.2.1 D i s p e r s i v e  Clay 

Clay  s o i l s  w i l l  n o t  g e n e r a l l y  e rode  under q u i t e  h igh  v e l o c i t i e s .  

However d i s p e r s i v e  c l a y s  and si l ts  a r e  both s u b j e c t  t o  e r o s i o n  where concen t r a t ed  

f low o c c u r s .  A number o f  mechanisms have a l r e a d y  been noted f o r  t h e  fo rmat ion  

o f  c r a c k s  i n  t h e  l i n e r .  Loca l  h e t r o g e n e i t i c s  i n  t h e  l i n e r  could a l s o  p rov ide  

c o n c e n t r a t e d  flow. The l i n e r  m a t e r i a l  was t e s t e d  f o r  s o i l  chemi s t ry  and 

d i s p e r s i v e  c h a r a c t e r i s t i c s .  N e g l i g i b l e  e r o s i o n  was r epo r t ed  d u r i n g  a s e r i e s  

o f  p i n  ho l e  t e s t s .  I n  a d d i t i o n  t h e  sodium a b s o r p t i o n  r a t i o  and t he  exchange- 

a b l e  sodium pe rcen t age  were low; (1.12 and 1.23 r e s p e c t i v e l y ) .  The samples  

were taken  from f i v e  test  p i t s  i n  t h e  c l a y  till borrow a r e a ,  and should  be 

r e p r e s e n t a t i v e  o f  t h e  average  l i n e r  p r o p e r t i e s .  

The p i n  ho l e  test is n o t  regarded  a s  a  s u f f i c i e n t  tes t  f o r  d i s p e r s i v e  

soils, She ra rd  and Decker (1976) s u g g e s t  t h a t  t h e  S o i l  Conserva t ion  s e r v i c e  

d i s p e r s i o n  t e s t ,  t h e  crumb t e s t  and a t e s t  o f  t h e  d i s s o l v e d  s a l t s  i n  t he  

po re  wa t e r ,  i n  a d d i t i o n  to the  pin-hole  tes t ,  should  be run  on each  specimen. 

However t h e y  ag ree  t h a t  t h e  p i n  h o l e  test  is t h e  most r e l i a b l e .  

As noted  e a r l i e r ,  p o t  h o l e s  were observed i n  t h e  base  o f  t h e  r e s e r v o i r ,  

and m a t e r i a l  was most p robab ly  c a r r i e d  a m y  from t h e  l i n e r  where t h e  two 24" 

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

The f a c t  t h a t  c l a y e y  m a t e r i a l  was removed from t h e  l i n e r  a t  bo th  t h e s e  

l o c a t i o n s  i n c i d a t e s  t h a t  t h e  l i n e r  m a t e r i a l  is e r o d i b l e ,  and t h a t  t h e  f i l t e r  

a t  t h e s e  p o i n t s  was n o t  f u l l y  e f f e c t i v e .  

3.2.2 F i l t e r  

The l i n e r  is u n d e r l a i n  by a g r a v e l  b l anke t .  Some g r ad ing  c u r v e s  f o r  

t h i s  l a y e r  a r e  shown on F igu re  3.l2.The m a t e r i a l  g e n e r a l l y  s a t i s f @ s  t h e  f i l t e r  

requ i rement  f o r  t h e  s i l t y  c l a y  l i n e r .  However i n  some c a s e s  i t  is p o o r l y  

graded v i t h  few sand s i z e s .  T h i s  m a t e r i a l  may s t i l l  a c t  a s  a  f i l t e r  bu t  

t e s t i n g  would be r equ i r ed  t o  conf i rm t h i s .  The l a c k  of  sand s i z e s  is p a r t i c u l a r l y  

impor t an t  when c o n s i d e r i n g  t he  s e a l i n g  o f  f i l t e r s  under d i s p e r s i v e  c l a y s .  



The mode o f  a c t i o n  when a  p i p e  deve lops  i n  a  d i s p e r s i v e  soi l  p r o t e c t e d  

by a f i l t e r  h a s  been d e s c r i b e d  by Shera rd  e t  a 1  (1976) .  Labora tory  f i l t e r  

tests on compacted d i s p e r s i v e  c l a y  samples  d i s c h a r g i n g  i n t o  a  medium sand 

f i l t e r  under low head a l l  gave t h e  same a c t i o n .  That  is 

( a )  A t  t h e  beg inn ing  of t he  tes t  c o l l o i d a l  co loured  water  came d i r e c t l y  

th rough  the f i l t e r .  The volume of  f low was l i m i t e d  by t h e  p e r m e a b i l i t y  

o f  t h e  f i l t e r .  

(b)  The f l ow  r a t e  g r a d u a l l y  dec r ea sed  r each ing  a  va lue  o f  approx imate ly  one  

t e n t h  t h e  o r i g i n a l  r a t e  w i t h i n  10 - 1 5  mins. C l ea r  f low con t i nued  a t  a 

l o w  r a t e .  

(C) On examina t ion  o f  t h e  samples ,  it was observed  t h a t  t h e  h o l e  i n  t h e  

compacted c l a y  specimen was p a r t i a l l y  or comple te ly  f i l l e d  w i t h  s o f t  

mud, and t h a t  a  t h i n  s k i n  o f  f i n e s  had formed on t h e  ' face o f  t he  f i l t e r .  

. The f i l t e r  a p p a r e n t l y  d i d  n o t  p r even t  t h e  c o l l o i d a l  p a r t i c l e s  pa s s ing  

th rough  it. However, s i l t  s i z e d  p a r t i c l e s  c a r r i e d  i n  t h e  f low cou ld  n o t  

e n t e r  t he  sand f i l t e r  and g r a d u a l l y  s e a l e d  o f  t h e  l e a k .  

I t  is probable  t h a t  t h i s  is t h e  type  of a c t i o n  r e s p o n s i b l e  f o r  t h e  

fo rmat ion  o f  t h e  p o t  h o l e s  i n  t he  l i n e r .  D e t a i l e d  examina t ion  o f  t h e  h o l e s  

would be r e q u i r e d  f o r  c o n f i r m a t i o n ,  b u t  it seems ve ry  l i k e l y  t h a t  t h e  l i n e r  

m a t e r i a l  is, a t  l e a s t  i n  some zones ,  d i s p e r s i v e .  

3.  4. Probab le  Sequence o f  Events  Leadinq t o  F a i l u r e  

Upon f i r s t  f i l l i n g  d i f f e r e n t i a l  s e t t l e m e n t  u r r ed  i n  t h e  l i n e r ,  

c e r t a i n l y  above t h e  main d r a i n  system and p o s s i b l y  a t  o t h e r  l oca t2ons .  The 

\ 
d i f f e r e n t i a l  s e t t l e m e n t s  would have occured  r a p i d l y ,  and c r a c k i n g  would have 

developed a s  t e n s i l e  s t n i n s  developed.  

P r e f e r e n t i a l  seepage p a t h s  were t h u s  c r e a t e d  a long  t he  c r a c k s ,  above 

- p o s s i b l e  v o i d s  i n  t h e  f i l t e r ,  and a l s o  where h e t e r o g e n e i t i e s  occu r r ed  i n  t h e  

l i n e r .  Gradua l  e r o s i o n  of  t h e  d i s p e r s i v e  c l a y  i n t o  t he  g r a v e l  would have 



cont inued u n t i l  a  p ipe  deve loped .  A t  t h i s  s t a g e  a  r a p i d  i n c r e a s e  i n  d i s c h a r g e  

occured c a r r y i n g  o u t  s i l t  w i t h  t h e  c l a y  p a r t i c l e s .  These s i l t  p a r t i c l e s  

g r a d u a l l y  s e a l e d  t h e  p i p e s  l e a v i n g  a  s t e a d y  c l e a n  seepage f low.  

P i p e s  would c o n t i n u e  t o  d e v e l o p  a t  d i f f e r e n t  r a t e s  a t  l o c a t i o n s  where 

c r a c k s  were n o t  a s  s e v e r e ,  o r  where l o c a l  h e t e r o g e n e i t i e s  l e d  t o  p r e f e r r e d  

seepage p a t h s .  

B. 5. Conc lus ions  

From t h e  p r e v i o u s  c o n s i d e r a t i o n s ,  t h e  f o l l o w i n g  p o i n t s  a r e  made - 
1. The l i n e r  m a t e r i a l  is b r i t t l e  and s u b j e c t  to e r o s i o n  once cracked. 

Recogni t ion o f  t h i s  f a c t  is c e n t r a l  t o  t h e  c o r r e c t  d e s i g n  o f  t h e  

r e s e r v o i r  l i n e r .  

2. To main ta in  t h e  l i n e r  i n t e g r i t y  a l l  d i f f e r e n t i a l  movements m u s t  be 

l i m i t e d .  C o n t r o l  o f  m a t e r i a l  s e l e c t i o n  and placement ,  t o g e t h e r  w i t h  

a t t e n t i o n  t o  d e t a i l i n g  a t  any r a p i d  changes  i n  s e c t i o n ,  such  a s  d r a i n s ,  

s t r u c t u r e s ,  s l o p e  changes  a r e  n e c e s s a r y ,  b u t  may n o t  be s u f f i c i e n t .  

3. S i n c e  c r a c k i n g  w i l l  be d i f f i c u l t  t o  c o n t r o l  and shou ld  be e x p e c t e d ,  

an adequate  f i l t e r  sys tem s h o u l d  be used t o  p r e v e n t  s e r i o u s  damage to 

t h e  r e s e r v o i r .  

4 .  A moni to r ing  system which c h e c k s  t h e  f low from known p a r t s  o f  t h e  

l i n e r  should be used.  L i n e r  r e p a i r  can t h e n  be e x p i d i t e d .  To t h i s  

e n d ,  t h e  m o n i t o r i n g  sys tem must be independent  of seepage n o t  

o r i g i n a t i n g  from t h e  l i n e r .  An impermiable b a r r i e r  benea th  t h e  

d r a i n a g e  b l a n k e t  would a c h i e v e  t h i s .  

5. The s p e c i f i c a t i o n  o f  a n  a c c e p t a b l e  p e r m e a b i l i t y  f o r  a  l i n e r  may n o t  

be r e a s o n a b l e ,  p a r t i c u l a r l y  when based on a  p l a s t i c i t y  index to  

p e r m e a b i l i t y  c o r r e l a t i o n .  Care i n  t h e  s e l e c t i o n  and p l a c i n g  o f  t h e  

m a t e r i a l  would be a  b e t t e r  way o f  a s s u r i n g  t h e  r e q u i r e d  p r o p e r t y .  



B. 6. - P o s s i b l e  rerncdi& mmeasurcs 

Remedial measures would have t o  be based on s u b s t a n t i v e  in format ion .  

However, i f  i t  assumed t h a t  t h e  l i n e r  is d i s p e r s e  then  a  number of a l t e r n a t i v e s  

a r e  a v a i l a b l e .  

8. 6 .1  Membrane Lirier 

The e n t i r e  r e s e r v o i r  cou ld  be covered w i th  an impermeable l i n e r ,  

p r o t e c t e d  by a  soil  cover .  T h i s d t e r n a t i v e  is bound to be expens ive  bu t  

good r e s u l t s  cou ld  be a s su r ed .  

B. 6.2 Chemical mod i f i c a t i on  

Chemical t r e a tmen t  o f  d i s p e r s i v e  s o i l s  have been used s u c c e s s f u l l y  

to p r even t  e r o s i o n .  Shera rd  and Decker (1977) c o n t a i n s  a  number o f  p a p e r s  

d e a l i n g  w i t h  t h i s  problem. The cho i ce  o f  chemical  and t r e a t m e n t  method depends 

on t h e  so i l  chemis t ry .  

B. 6 . 3  B e n t o n i t e  l i n e r  

BEnton i te  is commonly used a s  a  s e a l i n g  a g e n t  f o r  r e s e r v o i r s .  T h i s  

i s  d i s c u s s e d  i n  d e t a i l  i n  S e c t i o n  L 3 . l o f  t he  r e p o r t .  The b e n t o n i t e  may i n  

t h i s  c a s e  be s u b j e c t  t o  p i p i n g  a l s o ,  and l a b o r a t o r y  and f i e l d  tests over  a 

pe r i od  o f  y e a r s  would be needed to  e s t a b l i s h  t h i s  f a c t .  
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CASE HISTORY-g 

An a e r o b i c  c e l l  f o r  a  sewage t r e a t m e n t  f a c i l i t y  was b u i l t  on a 

t e r r a c e  a d j a c e n t  to a  r i v e r  v a l l e y  w a l l  i n  C e n t r a l  A lbe r t a .  The c e l l  

s u s t a i n e d  minor damage due t o  beaver t u n n e l l i n g  which was r e a d i l y  r e p a l r e d .  

Severe  damage occured when a  s l i d e  o f  t h e  r i v e r  v a l l e y  w a l l  a f f e c t e d  t he  

c e l l  embankment. 

C. 1. D e s c r i p t i o n  of  t h e  C e l l  

The c e l l  measured approx imate ly  150 m x  210 m and cou ld  hold a  

maximum d e p t h  o f  2.5 m o f  was te r  wate r .  The g e n e r a l  l a y o u t ,  is g i v e n  i n  

F igu re  3.16 

C. 1.1 S i t e  D e s c r i p t i o n  

S o i l s  i n  t h e  r e g i o n  of  t h e  c e l l  i nc lude  s i l t y  sand,  s i l t  and c l a y  

t y p i c a l  o f  g l a c i a l  outwash d e p o s i t s .  The l a y e r i n g  is complex, b u t  t h e  

p r e d o m i n m t m a t e r i a l  is s i l t y  sand.  Organic  t o p s o i l  and p e a t  occured over  

p o r t i o n s  o f  t h e  s i te .  

The s l o p e  a d j a c e n t  t o  t h e - c e l l  is approx imate ly  23 m h igh  w i t h  an  

average  s l o p e  of  between 10 t o  1 5  deg ree s .  The s l ope  c o n t a i n s  complex l a y e r i n g  

of  s i l t y  s and ,  s i l t  and c l a y  over  bedrock. Bedrock c o n s i s t s  o f  f i n e  g r a ined  

weathered b e n t o n i t i c  s i l t s b n e  and sandstone.  The average t h i c k n e s s  o f  t h e  

m a t e r i a l  o v e r l y i n g  t h e  bedrock is 5 to 9 m as  shown i n  F igu re  3.17. 

Water l e v e l s  i n  t h e  a r e a  were n o t  a c c u r a t e l y  determined p r i o r  t o  

c o n s t r u c t i o n .  The complex l a y e r i n g  meant t h a t  perched water  t a b l e s  were 

p r e s e n t .  

However w i th  t h e  l i m i t e d  i n fo rma t ion  a v a i l a b l e ,  it can be i n f e r r e d  t h a t  - 
\ 

t h e  average l e v e l  o f  t h e  ground wate r  t a b l e  under t h e  ce l l  was abou t  4 m above 

t h e  impermiable till basement. 



C. 1 . 2  C o n s t r u c t ~ o n  and Operation o f  t h e  C e l l  

The o r i g i n a l  g e o t e c h n i c a l  r e p o r t  recommended t h a t  t h e  s i te  be s t r i p p e d  

o f  a l l  o r g a n i c  m a t e r i a l ,  and t h a t  a  0.5 m t h i c k  c l a y  l i n e r  be i n s t a l l e d .  The 

l i n e r  m a t e r i a l  was n o t  s p e c i f i e d  e x c e p t  a t  "an impervious  c l a y " .  A f t e r  f a i l u r e  

o f  t h e  c e l l ,  a d d i t i o n a l  s i t e  i n v e s t i g a t i o n  showed t h a t  t h e  l i n e r  had been 

o m i t t e d ,  and t h a t  some o i ~ a n i c  m a t e r i a l  was p r e s e n t  under  t h e  embankment. 

The ce l l  was never  f u l l y  u t i l i s e d .  About f o u r  y e a r s  a f t e r  c o n s t r u c t i o n  

wate r  l e v e l s  reached t o  a b o u t  t h e  h a l f  way m a r k .  Some l e a k a g e s  was n o t e d ,  an 

a  beaver  n e s t  was d i s c o v e r e d  i n  t h e  west dyke,  and t h e  pond l e v e l  was lowered 

f o r  s u c c e s s f u l  r e p a i r  w o r k .  

C. 2 .  D e s c r i p t i o n  o f  F a i l u r e  

About f i v e  y e a r s  a f t e r  c o n s t r u c t i o n  a  120 m l o n g  c r a c k  developed i n  

t h e  c r e s t  o f  t h e  n o r t h  dyke,  and t h e  ground dropped up to 3.7 m. The e x t e n t  

o f  t h e  s l i d e  is shown i n  F i g u r e  3.16. 

Seepage was no ted  a t  t h e  base  o f  t h e  s l i d e ,  and t h e  s l i d e  appeared  to  

be c o n f i n e d  t o  t h e  soil above t h e  bedrock.  

C. 3 .  Causes  o f  F a i l u r e  

The immediate c a u s e  o f  t h e  f a i l u r e  o f  t h e  c e l l  was t h e  a c t i v a t i o n  o f  

t h e  s l o p e .  Some p o s s i b l e  c a u s e s  o f  t h i s  a c t i v a t i o n  are 

- The s u r c h a r g e  e f f e c t  o f  t h e  dyke embankment a t  t h e  head o f  t h e  

s l o p e .  

- Overs teepen ing  o f  t h e  s l o p e ,  caused by roadway c o n s t r u c t i o n  c u t t i n g  

i n t o  t h e  toe o f  t h e  s l o p e .  

- I n c r e a s e d  w a t e r  l e v e l s  i n  t h e  s l o p e ,  due e i t h e r  to seepage from 

t h e  c e l l  o r  n a t u r a l  ground w a t e r  s u r f a c e  f l u c t u a t i o n s .  -. 
The f i r s t  two f a c t o r s  would have reduced t h e  f a c t o r  o f  s a h e t y  oE t h e  

s l o p e .  However t h e  s l i d e  was n o t  t r i g g e r e d  a t  t h e  time t h e s e  a c t i o n s  were t a k e n ,  

and s o  it i s  most p r o b a b l e  t h a t  i n c r e a s i n g  water l e v e l s  i n  t h e  s l o p e  were 

- r e s p o n s i b l e  Eor a  d e c r e a s e  i n  t h e  f a c t o r  o f  s a f e t y  w i t h  time. 



C. 4 .  -- Seepaxe i n  t h e  Slo12 

Obse rva t i ons  a t  t h e  c e l l  s i t e  showed t h a t  t h e  wate r  t a b l e  had r i s e n  

from approx imate ly  4 m t o  9 m above t h e  impernleable till. T h i s  r i s e  was due 

to t h e  fo rma t ion  o f  a mound caused by i n f i l t r a t i o n  from t h e  c e l l .  A s  a 

consequence of  t h i s ' r a i s e d  water  t a b l e  under t h e  c e l l ,  t h e  wate r  l e v e l  i n  

t h e  s l o p e  i n c r e a s e d  s u f f i c i e n t l y  t o  c ause  f a i l u r e .  Water l e v e l s  i n  t h e  s l o p e  

a t  t h e  time o f  f a i l u r e  a r e  no t  known. 

I t  is i n t e r e s t i n g  t o  n o t e  t h a t  even i f  t h e  o r i g i n a l l y  s p e c i f i e d  l i n e r  

had been i n c o r p o r a t e d  i n  t h e  cell ,  t he  mound development benea th  t h e  c e l l  

would have reduced t he  f a c t o r  o f  s a f e t y  o f  t h e  s l o p e  to  unaccep tab le  l e v e l s .  

An a n a l y s i s ,  by o t h e r s ,  f o r  t h i s  c a s e  h a s  been summarised i n  Appendix A .  

C. 5 .  Conclusion 

To have preven ted  t h e  s l o p e  f a i l t i r e ,  seepage from t h e  cell  should  

n o t  have been a l lowed t o  reach t h e  s l o p e .  An imperm a b l e  l i n e r ,  w i th  an 

-8 
e f f e c t i v e  p e r m i a b i l i t y  o f  less than  10 cm/s, such a s  a p l a s t i c  membrane 

cou ld  have been used,  o r  seepage could have k e n  preven ted  from r each ing  t h e  

s l o p e  by a deep  con t i nuous  d r a i n  i n  f r o n t  o f  t h e  c e l l  embankment, o r  t h e  u s e  

o f  a c u t o f f  between t h e  t o p  o f  t h e  s l o p e  dnd t h e  r e s e r v o i r .  
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CASE? II_ISCPORY D - Daldwin H i l l s  Rese rvo i r  

The Baldwin H i l l s  R e s e r v o i r  i n  Los h n g e l e s  f a i l e d  i n  December 1963. 

I t  h a s  been t h e  s u b j e c t  o f  numerous i n v e s t i g a t i o n s  i n c l u d i n g  S t a t e  o f  

C a l i f o r n i a  (1964) and h a s  been r e p o r t e d  i n  t h e  t e c h n i c a l  l i t e r a t u r e  by 

J a n s e n  e t  a 1  ( 1 9 6 7 ) ,  Leps (1972) and Casayrande e t  a 1  (1972) amongst o t h e r s .  
-- . 

Readers  a r e  r e f e r e d  t o  t h e  above a r t i c l e s  f o r  d e t a i l s  o f  r e s e r v o i r  c o n s t r u c t i o n ,  

ground movements, geo logy  and s i t e  i n v e s t i g a t i o n  r e s u l t s ,  a s  w e l l  a s  d e s c r i p t i o n s  

o f  t h e  e v e n t s  l e a d i n g  to  f a i l u r e .  The f o l l o w i n g  is a  b r i e f  summary o f  t h e  above 

p a p e r s .  

~ . 1  Reservo i r  C o n s t r u c t i o n  

The u n d e r l y i n g  s o i l s  i n  t h e  Baldwin I f i l l  a r e a  were known t o  be 

d i s p e r s i v e  and s u s c e p t i b l e  t o  p i p i n g .  The p h i l o s o p h y  o f  t h e  d e s i g n  was 

t h e r e f o r e  t o  p r e v e n t  any seepage from t k r e s e r v o i r  r e a c h i n g  t h o s e  s o i l s .  To 

a c h i e v e - t h i s  a n  i m p e r k u s  l i n i n g  and a n  u n d e r d r a i n  sys tem were d e s i g n e d .  

The c r o s s - s e c t i o n  of t h e  r e s e r v o i r  is shown i n  Figure3.18.The porous  

a s p h a l t i c  pav ing  was to p r o t e c t  t h e  e a r t t .  l i n e r ,  which was made by b l e 3 d i n g  

and compacting f i n e  g r a i n e d  s o i l s  excava ted  on t h e  s i t e .  A 4" cemented p e a  

g r a v e l  d r a i n  benea th  t h e  l i n e r  was to a c t  a s  a  c o l l e c t o r  f o r  a l l  seepage.  

T i l e  d r a i n s  were t h e n  to c a r r y  t h e  w a t e r  o u t  o f  t h e  r e s e r v o i r  a r e a .  The pea- 

g r a v e l  d r a i n  was capped w i t h  a  %" porous  sand g u n i t e  l a y e r  t o  p r e v e n t  t h e  

compacted e a r t h  from i n f i l t r a t i n g ,  and u n d e r l a i n  by a , % "  a s p h a l t i c  membrane 

to  p r e v e n t  a l l  wa te r  from r e a c h i n g  t h e  f o u n d a t i o n  soi ls .  

D.2 Geologv o f  t h e  Area 

The Baldwin H i l l s  a r e  a  combined a n t i c l i n a l  and f a u l t  blo2k s t r u c t u r a l  
\ 

and t o p o g r a p h i c a l  u p l i f t .  A g e o l o g i c a l  s e c t i o n  th rough  t h e  a r e a  is shown i n  

F i g u r e  3.1g.Although s e i s m i c  a c t i v i t y  is p r e s e n t  i n  t h e  a r e a  t h e r e  h a s  been 

n o  r e l i a b l e  i n s t a n c e s  o f  s u r f a c e  f a u l t i n g  o r  c r e e p  a l o n g  t h e  f a u l t s  o f  t h e  

zone i n  r e c e n t  times. 



D.3 S u b s i d ~ n c e  a t ~ a l d w i n  H i l l s  

The a n t i c l i n a l  f e a t u r e  shown i n  Figure3Jghas been t h e  s i t e  o f  o i l  

accumula t ion  and was devcloped a s  an o i l  f i e l d  from 1924. A s s o c i a t e d  w i t h  

t h e  e x t r a c t i o n  of o i l  was t h e  development  of a bowl o f  subs idence  i n  t h e  

r e g i o n .  T h i s  bowl is shown i n  F i g u r e  X20.The l o c a t i o n  o f  t h e  r e s e r v o i r  i s  

shown on t h i s  F igure .  The v e r t i c a l  d i f f e r e n t i a l  movement o v e r  the  l i f e t i m e  

o f  t h e  r e s e r v o i r  was a s  much a s  64". 

H o r i z o n t a l  t e n s i l e  s t r a i n i n g  developed w i t h  t h e  f o r m a t i o n  o f  t h e  

s u b s i d e n c e  bowl. The magnitude o f  t h e  t e n s i l e  s t r a i n i n g  d i f f e r s  w i t h  

d i f f e r e n t  a u t h o r s  from 0.02% (Leps 1972) t o  0.07% (Casgrande e t  a l  1972)  

d u r i n g  r e s e r v o i r  o p e r a t i o n .  T h i s  t e n s i l e  s t r a i n  a p p e a r s  to  have been 

c o n c e n t r a t e d  i n  t h e  f a u l t s ,  c a u s i n g  them t o  open by a s  much a s  4" t o  4". 

D.4 P r i n c i p a l  Even ts  Leadinq to F a i l u r e  

The i n t e g r i t y  o f  t h e  r e s e r v o i r  depended p r i m a r i l y  on t h e  4" t h i c k  

a ~ p h a l t i c  membrane. During c o n s t r u c t i o n , d i f f i c u l t y  was e x p e r i e n c e d  i n  

p r e v e n t i n g  c r a c k s  and h o r i z o n t a l  d i s p l a c e m e n t s .  

During f i r s t  f i l l i n g  e x c e s s i v e  l eakage  was n o t e d ,  and upon d r a i n i n g  

t h e  r e s e r v o i r  compress ion c r a c k s  and b u l g e s , a s  w e l l  a s  s e t t l e m e n t  on t h e  

s o u t h  s i d e  o f  t h e  o u t l e t  tower,were observed .  R e p a i r s  were made t o  t h e  

e a r t h  l i n e r  a t  t h i s  s t a g e .  I t  is p r o b a b l e  t h a t  a t  t h i s  t i m e  t h e  a s p h a l t i c  

membrane and r e l a t i v e l y  b r i t t l e  pea-grave l  d r a i n  were r u p t u r e d  by d i f f e r e n t i a l  

v e r t i c a l  movement a long  t h e  f a u l t s ,  produced by t h e  combined e f f e c t  o f  t h e  

w a t e r  l o a d  and t h e  g r e a t e r  c o m p r e s s i b i l i t y  of t h e  soils on t h e  w e s t  s i d e  o f  

t h e  f a u l t s .  

The pea-grave l  d r a i n  t h e n  a c t e d  as a collector to channe l - the  seepage water 
\ 

i n t o  t h e  f o u n d a t i o n s  s o i l s .  The w e t t i n g  o f  t h e s e  soils caused a d d i t i o n a l  

d i f f e r e n t i a l  s e t t l e m e n t  and t h e  development o f  c a v i t i e s  and p i p e s  benea th  t h e  

r e s e r v o i r .  T h i s  p r o g r e s s i v e  e r o s i o n  l e d  e v e n t u a l l y  t o  t h e  c o l l a p s e  o f  one 

or more o f  t h e s e  c a v i t i e s  which i n  t u r n  breached t h e  e a r t h  l i n e r  a l l o w i n g  

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



Once t h e  e a r t h  l i n e r  was b reached ,  t h e  volume o f  water  f low was 

s u b s t a n t i a l l y  i n c r e a s e d  and e r o s i o n  proceeded apace ,  e i t h e r  th rough  s t o p i n g  

from an e x i s t i n g  c a v i t y ,  o r  f low th rough  a t e n s i o n  c r a c k  u n t i l  a  c o n t i n u o u s  

p i p e  was formed th rough  t h e  e n t i r e  abutment.  

D.5 Comments 

The movements t o  which t h e  r e s e r v o i r  were s u b j e c t e d  a r e  n o t  uncommon, 

and would n o t  harm most r e s e r v o i r s  and dams. However, t h e  pea-grave l  d r a i n  

i n  t h i s  dam was b r i t t l e ,  and t h e  d i f f e r e n t i a l  movements o f  t h e  f a u l t s  caused 

d i s t i n c t  b r e a k s  i n  t h e  d r a i n ,  and t h e  a t t a c h e d  u n d e r l y i n g  a s p h a l t i c  membrane, 

Once t h e  membrane was broken,  f a i l u r e  was i n e v i t a b l e .  A s u i t a b l e  d e s i g n  

would have had t o  a l l o w  s u f f i c i e n t  f l e x i b i l i t y  t o  accommodate t h e  movements 

which occured .  
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CHAPTER 4 - CONCLUSIONS 

Lined r e s e r v o i r s  a r e  now commonly used a s  eng inee r i ng  s t r u c t u r e s .  

The methods o f  d e s i g n  and c o n s t r u c t i o n  a r e  well e s t a b l i s h e d  u s i n g  known 

soi l  mechanics.and c o n s t r u c t i o n  p r i n c i p l e s ,  o b t a i n e d  from o t h e r  wate r  

r e t a i n i n g  s t r u c t u r e s .  

The major de t e rmin ing  f a c t o r s  i n  t h e  performance o f  a l i n e d  

r e s e r v o i r  a r e  t h e  t ype  of  l i n e r  m a t e r i a l  used ,  and t h e  d i f f e r i n g  

environments  t o  which t h e  l i n e r  w i l l  5e s u b j e c t e d .  These f a c t o r s  

a r e  o b v i o u s l y  i n t e r r e l a t e d .  I f  t h e  environment  i n  which t h e  l i n e r  

w i l l  have to perform, and t h e  l o a d i n g s  which w i l l  be a p p l i e d  to i t ,  

can  be a c c u r a t e l y  s p e c i f i e d ,  t hen  t h e  l i n e r  cho i ce  and d e s i g n  shou ld  

fo l l ow  r e a d i l y .  

The s e l e c t i o n  o f  t h e  l i n e r  type  f o r  t h e  p a r t i c u l a r  job is 

t h e r e f o r e  o f  paramount importance.  Of t h e  f o u r  case h i s t o r i e s  

examined, t h r e e  can  be a t t r i b u t e d  d i r e c t l y  t o  misunders tanding o f  

t h e  behav iour  o f  t h e  c r i t i ca l  l i n e r  parameter  under  t h e  c o n d i t i o n s  

to  which t hey  were exposed,  be it d u r a b i l i t y ,  p e r m e a b i l i t y  o r  

r i g i d i t y .  

A l l  l i n e r s  must be expec t ed  t o  l e a k  t o  sole e x t e n t .  T e a r s ,  

c o n s t r u c t i o n  errors and d e t e r i o r a t i o n  of  t h e  l i n e r  a l l  l e a d  t o  

i n c r e a s e d  pe rmeab i l i t y .  Care  must be t aken  t o  de t e rmine  where t h e  

l e akage  w i l l  go, and what e f f e c t  it w i l l  have on  t h e  s t r u c t u r e ,  

and p a r t i c u l a r l y  w i t h  p o l l u t a n t s ,  on  t h e  environment.  Adequately  

de s igned  subd ra in  sys tems  can  f a c i l i t a t e  moni to r ing  and c o n t r o l  o f  

leakage.  ,. 
\ 

F i n a l l y ,  it is b e l i e v e d  t h a t  t h e r e  is a tendancy amongst e n g i n e e r s  

t o  r ega rd  r e s e r v o i r s  a s  r e l a t i v e l y  minor s t r u c t u r e s .  A s  a consequence o f  

t h i s  a t t i t u d e  i n s u f f i c i e n t  a t t e n t i o n  may be p a i d  t o  d e t a i l i n g .  I t  is  t h e  

a t t e n t i o n  to  d e t a i l  i n  a d e s i g n  which u l t i m a t e l y  de t e rmines  t h e  soundness  

on t h e  whole. The f a i l u r e  o f  r e s e r v o i r s  c o n t a i n i n g  even  sma l l  volumes 

o f  some w o l l u t a n t s  cou ld  have ve ry  wide r each ing  r ep recus s ions .  



APPENDIX A: MODEL FOR LAGOON AT TIIE TOP OF A SIBOPE 

A lagoon l o c a t e d  a t  t h e  t o p  o f  a  s l o p e  u n d e r l a i n  by an impermeable s t r a t u m  
can be model led a s  showir i n  F i g u r e  A l .  

A mound w i l l  d e v e l o p  benea th  t h e  lagoon c a u s i n g  an i n c r e a s e d  wate r  l e v e l  i n  
t h e  a d j a c e n t  s l o p e .  Closed form s o l u t i o n s  a r e  a v a i l a b l e  f o r  t h e  s t e a d y  s t a t e  
mound formed by i n f i l t r a t i o n  and f o r  t h e  f low between d i f f e r e n t i a l  wa te r  l e v e l s  
on an i n c l i n e d  s u r f a c e  (Harr 1 9 6 2 ) .  These s o l u t i o n s  may be coup led  u s i n g  a n  
i n f i n i t e l y  s m a l l ,  f u l l y  p e n e t r a t i n g  s l o t  t o  s a t i s f y  t h e  boundary c o n d i t i o n s  o f  
f low and p r e s s u r e  between t h e  t w o  f low zones .  

For t h e  model 1 shown i n  F i g u r e  A 1  i t  has  been assumed t h a t  t h e r e  i s  no change 
i n  t h e  w a t e r  l e v e l  a t  t h e  edge o f  t h e  lagoon away from t h e  s l o p e .  
The f low i n  t h e  s l o p e  is g i v e n  by: 

where a was assumed c o n s t a n t  f o r  t h e  problem 

k, is t h e  s o i l  p e r m e a b i l i t y  
i is t h e  impermiable  s t r a t a  g r a d i e n t  
h* is t h e  d e p t h  o f  water  i n  t h e  f u l l y  p e n e t r a t i n g  s l o t  

The £lo* under  t h e  l agoon  is: 

where e - i n f i l t r a t i o n  p e r  u n i t  a r e a  

The i n f i l t r a t i g n  e w i l l  depend on t h e  average  h y d r a u l i c  g r a d i e n t  c a u s i n g  
i n f i l t r a t i o n  (i) and t h e  e f f e c t i v e  p e r m e a b i l i t y  o f  t h e  c l a y  l i n e r ,  or t h e  
l i n e r - s u b s o i l  combinat ion ( k )  

For c o n t i n u i t y  

T h i s  may be s o l v e d  f o r  h* 

h* = 
- b+&q 

- 2  

where 

- 
F i g u r e  A2 shows t h e  r e l a t i o n s h i p  between h* and t h e  p e r m e a b i l i t y  r a t i o  k / k s  
f o r  l i n e r s  0.5m and 2.5m t h i c k  when t h e  d e p t h  o f  water  i n  t h e  l agoon  is 
2.5m and hl i s  t a k e n  a s  3.6m. 

For Model 2 ,  F igure  A l ,  it was assumed t h a t  t h e  wa te r  l e v e l s  a t  b o t h  b o u n d a r i e s  
o f  t h e  i n f i l t r a t i o n  zone a r e  changed by an e q u a l  amount Ah* 



Solv ing  a s  above g i v e s  

where c2 = 2ho - 2 h l  + a i2L2 

- 
The r e l a t i o n s h i p  between h* = ho+Ah* and t h e  p e r m e a b i l i t y  r a t i o  k / k s  a r e  shown 
f o r  t h e  same c a s e s  a s  Model l. 

I t  can be s e e n  t h a t  t h e  e f f e c t  o f  t h e  assumption o f  water  l e v e l  r i s e  away from 
t h e  s b p e  h a s  minor e f f e c t  on t h e  h e i g h t  o f  water  i n  t h e  s l o p e .  

The f a c t o r  o f  s a f e t y  o f  an  i n f i n i t e  s l o p e  of  c o h e s i o n l e s s  m a t e r i a l  w i th  seepage 
p a r a l l e l  t o  t h e  s l ope  is g iven  by: 

where 

F = (1 -ru)  
t a n  a 

a = s u r f a c e  s l o p e  
= angle  o f  i n t e r v a l  f r i c t i o n  of  t h e  s o i l  

ru  = pore  p r e s s u r e  r a t i o  = y- 

u  = pore  wate r  p r e s s u r e  
yd 

d = d e p t h  t o  f a i l u r e  s u r f a c e  
y = s o i l  d e n s i t y  

For a  p a r t i c u l a r  s l o p e  t he  f a c t o r  o f  s a f e t y  d e c r e a s e s  a s  t h e  water  l e v e l  i n  t h e  
s l o p e  i n c r e a s e s .  

A s  an example,  i f  a  f a c t o r  of s a f e t y  o f  g r e a t e r  than  1 .5  i s  a ccep t ab l e  i n  a 
10 '  s l o p e  of  sand w i th  4 = 25' and y = 1.75 gm,/cm3, t hen  a  water  l e v e l  i n  t h e  
s l o p  o f  g r e a t e r  than o r  e q u a l  t o  t h r e e  q u a r t e r s  o f  t h e  d e p t h  t o  t h e  f a i l u r e  
s u r f a c e  w i l l  cause  an unsafe  s l o p e .  Thc e f f e c t  of perched water  t a b l e s  i n  
such  a  s l o p e  is o f  major importance.  

Once an a c c e p t a b l e  wate r  l e v e l  i n  t h e  s l o p e  h a s  been s e l e c t e d ,  r e f e r e n c e  to  
t h e  p r ev ious  e q u a t i o n s  p l o t t e d  f o r  s p e c i f i c  v a l u e s  i n  F igu re  A2 e n a b l e s  t he  
s e l e c t i o n  of  a  s u i t a b l e  p e r m e a b i l i t y  r a t i o  k /ks  and hence t h e  s e l e c t i o n  of  a  
s u i t a b l e  l i n e r  type.  



FIGURE A 1  : Models f o r  Lagoon above a s lope  

t+----~, = 100m';-+ ~-------LZ = 150m-1 

a)  No change i n  water l e v e l  a t  edge of lagoon away from slope. 

b) Equal rises in  water l e v e l  on both edges of the lagoon. 



FIGURE A 2  : Phreatic Surface i n  Slope a s  a  function of l i n e r  
permeabi1i.t~. 

S a t u r a t i o n  Leve l  belox Dyke as a F u n c t i o n  - 
of Permeab i l i ty  R a t i o  - 

r? i Permeability ~ a t i o  j - 
ks i 

@ --4- No c h a n g e  in pitreatic s u r f a c e  elevation bslow south! I 
- dyke: Ah, = 0 

- 1, @ -+- C h a n g e  in phreat ic  su r face  e levat ion s a m e  belo*,v south;  
a n d  north dylte: a h l ' =  ~ h * '  T 

\ 
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