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J.J.PARÉ, Shawinigan Lavalin Inc., Montréal, Québec, Canada 

J.LEVAY, Hydro-Québec/Société d’énergie de la Baie James, Montréal, Québec, Canada

SYNOPSIS: During first reservoir filling, three sinkholes (2 to 3 m  deep) developed along the 

crest of two large embankment dams of the La Grande Complex, Phase I. Their occurrence is clearly 

related to the collapse upon wetting of localized areas of poorly compacted unsaturated materials 

adjacent to the instrumentation riser pipes. Instrument data and test results give a clear 

picture of the in situ progressive collapse of the soil as well its magnitude.

INTRODUCTION

The reservoir filling of La Grande Complex 

Phase 1 followed the construction of about 

220 earth and rockfill embankment dams and 

dykes. The material used for the impervious 

zone of all these embankments consists of a 

broadly graded non cohesive till material 

(Paré and al and SEBJ).

CREST SINKHOLES

In October 1983, at the end of the LG 4 

reservoir filling, a sinkhole appeared on the 

crest of the QA-8 dyke downstream of the 

center line involving some 30 m of material 

(Fig. 1). The dyke, founded on bedrock, is 

designed with a central till core and 

granular filters and shells. The sinkhole 

was located on the highest section (92 m) of 

the embankment, near the edge of an instru­

ment island. A sharp reaction of the piezo­

meters (2 m rise) and of the inclinometer 

(Fig. 2) indicated that the collapse affected 

the core to a depth of 55 meters below the 

crest.

Although similar sinkholes occurred with the 

same type of glacial till over untreated 

fissured rock foundations at the Churchill 

Falls Project (Seemel and al.), such an 

internal erosion process was rejected after 

analysis as the cause of the QA-8 sinkhole. 

As no deficiency was found in the quality and 

placement procedure of the filter, the most 

probable cause was the one related to the 

lack of compaction of partly saturated 

material which would have collapsed upon 

wetting due to reservoir filling. The 

location of the sinkhole in the instrument 

island was a very strong clue to the 

relationship between the phenomena and its 

cause.

Following this event, an investigation by 

dynamic penetrometer testing was carried out 

in 1984 in order to better define the chimney 

geometry of the sinkhole and to check islands

elsewhere on the Complex. During this 

campaign, at LG 3 the reservoir was rising and 

two sinkholes occurred on dyke TA-10 at the 

location of two instrument islands, upstream 

of the embankment center line. Although there 

was no information supporting the fact that 

the material was in a looser state, it was 

clear that the collapse occurred in a zone 

where no field density measurements were 

carried out on the instrument islands.

These findings showed clearly, that the cause 

of the sinkholes or large differential 

settlements upon wetting of the instrument 

islands was related to the following:

Figure 1. QA-8 dyke - Crest sinkhole and 

raiser pipe.
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Figure 2. QA-8 Sinkhole - Instrument 

Reaction: Plane view, Longitudinal section, 

Transverse section.

lack of compaction of the instrument 

island (TA-10-sinkhole);

lack of compaction at the periphery of 

the instrument island, especially in the 

zone where the spool rack for the 

electrical piezometer cables was 

systematically located during embankment 

construction (QA-8 sinkhole);

lack of compaction while backfilling a 

trench, done to replace an instrument 

damaged during placement (QA-1 dyke).

The first two examples occurred for all the 

instrument islands of each of the two 

embankments constructed during the same year, 

emphasizing the placement deficiency locally 

of one construction season.

Recently, a sinkhole appeared along the crest 

of the LG 2 Main Dam, 7 years after the end 

of first reservoir filling and lead to the 

same conclusions.

FIELD DATA - DYKE TA-10

The instrument data which best illustrated 

the collapse process was obtained from the 

TA-10 dyke inclinometer (Fig. 3). This 

embankment, with a till core and granular 

shoulders, has two instrument islands. The 

protection islands were built over a 1 . 5 m  

radius around the instruments, with the same 

material as the surrounding till but with the 

following modifications: the gradation size 

limit was 75 mm, the compaction was to be 
made in thin lifts of 150 mm using a 

vibratory plate or small roller. In 

addition, a finer material (max 19 mm) was 

placed on a 150 mm radius around the 

inclinometer tube to limit damage caused by 

coarse material along the inclinometer tube. 

The instrument islands were built one meter 

above the surrounding fill, offering a good 

protection for the instruments against heavy 

construction equipment.

Analysis of the field quality control data 

indicates that for both instrument islands, no 

compaction testing was carried out between 

elevation 207 and 213 m or above 222 m, i.e. 

for the construction carried out in 1980 and 

at the beginning of 1981. Water content 

determination, which was carried out over the 

same period, indicates a material placed 

generally drier than the Optimum Moisture 

Content by some 1,5%. However, compaction 

control testing of the surrounding core shows 

that the till was compacted as required.

During construction, the settlements measured 

by the inclinometer (at the base of rigid, 3 m 

long sections) were in good agreement with the 

measurements taken at other embankments of the 

Complex (Verma and al). The settlements were 

representative of the surrounding mass till 

for a partly saturated, well compacted, 

material.

When reservoir filling started, the inclino­

meter showed a rather peculiar behaviour 

(Fig. 3):

The first wetting of the core occurred in 

1979 during the construction period. This 

affected the base of the core above the 

rock foundation, between elevation 207 and 

213 m and a settlement of 90 mm occurred 

while the overlying material between 

elevations 213 and 222 m settled by much 

less and never collapsed (penetration 

testing in 1986 showed the existence of 

arching).

Inclinometer data taken between June 1981 

and June 1982 shows the progressive 

collapse of the column accompanied by a 

loosening of the upper part, during 

reservoir filling (Fig. 4). The collapse 

and reconsolidation of the collapsed 

material reach a strain equal in magnitude 

to 5% . The rupture of the inclinometer 

indicated possible voids of 80 cm in the 

top of the island.

1798



25/4

T o t a l  s e t t l e m e n t  ( i n c l i n o m e t e r )

(c m )

15 30 45 60 75

P e n e t r o m e t e r  d a t a  

L e g e n d

”  I n s i d e  t h e  i s l a n d

A d j a c e n t  t o  t h e  i s l a n d  

M a s s  t i l l

© O c t .  1 9 7 9  

©  Ju l y  1 9 8 1  

(3) D e c . 1 9 8 1  

@  M a y  1 9 8 2  

© J u n e  1 9 8 2

- in i t i a l  w e t t i n g

- e n d  o f  c o n s t r u c t io n

- r e s e r v o i r  f i l l i n g

• r e s e r v o i r  f i l l i n g

• r e s e r v o i r  f i l l i n g

P i e z o m e t e r  r e a d i n g s  

R e s e r v o i r  l e v e l

N—A I N—A I h—/I I 
______________ b e d r o c k

N u m b e r  o f  b l o w s  /  3 0  c m

Figure 3. TA-10 - Penetrometer and Inclinometer data.
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F i v e  d y n a m i c  p e n e t r a t i o n  t e s t s  w h e r e  d o n e  

i n  1 9 8 4  a t  T A - 1 0 ,  o n e  a s  a  r e f e r e n c e  i n  

t h e  m a s s  t i l l ,  a w a y  f r o m  t h e  i n s t r u m e n t  

i s l a n d s ,  o n e  i n  t h e  p i e z o m e t e r  i s l a n d  a n d  

t h r e e  i n  a n d  a r o u n d  t h e  i n c l i n o m e t e r  

i s l a n d .  T h e s e  r e s u l t s  ( F i g .  3 )  s h o w  f o r  

t h e  i n s t r u m e n t  i s l a n d ,  a  r a d i c a l l y  l o w e r  

r e s i s t a n c e  t h e n  t h e  s u r r o u n d i n g  m a s s  t i l l  

a n d  a  r e s i s t a n c e  p r o f i l e  i n  g o o d  

a g r e e m e n t  w i t h  t h e  i n c l i n o m e t e r  d a t a .

T h e  s u r r o u n d i n g  p e n e t r o m e t e r  t e s t s  s h o w  g o o d  

e v i d e n c e  t h a t  t h e  c o l l a p s e  a f f e c t e d  o n l y  t h e  

i n s t r u m e n t  i s l a n d .  A t  t h e  t i m e  o f  p e n e ­

t r o m e t e r  t e s t i n g ,  j u s t  b e f o r e  t h e  s i n k h o l e  

o c c u r r e n c e ,  t h e  t o p  4 , 5 m  w a s  s u p p o r t e d  b y  a n  

a r c h i n g  e f f e c t .  T h e  s i n k h o l e  v o l u m e  i s  i n  

g o o d  a g r e e m e n t  w i t h  t h e  i n c l i n o m e t e r  s e t ­

t l e m e n t  d a t a  a n d  c o n f i r m  t h e  m a g n i t u d e  o f  

c o l l a p s e  o r  s e t t l e m e n t  o f  1 %  a n d  5 %  a s  

m e a s u r e d  i n  o t h e r  l o c a t i o n s .

L A B O R A T O R Y  T E S T I N G S

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

u p o n  w e t t i n g  o f  m a t e r i a l  c o m p a c t e d  o n  t h e  d r y  

s i d e  o f  o p t i m u m  a n d  t o  c h e c k  t h e  i n f l u e n c i n g  

p a r a m e t e r s  ( w a t e r  c o n t e n t  a n d  d e n s i t y )  ,  a  

l a b o r a t o r y  t e s t i n g  p r o g r a m  w a s  c a r r i e d  o u t  

u s i n g  a  1 0 0  m m  d i a m e t e r  o e d o m e t e r  c e l l .  T h e  

t i l l  m a t e r i a l  t e s t e d  w a s  t h e  f r a c t i o n  p a s s i n g  

t h e  5  m m  s i e v e  w h i c h  c o r r e s p o n d e d  t o  a b o u t  

7 5 %  o f  t h e  m a s s  t i l l  g r a d a t i o n  a n d  8 5 %  o f  t h e  

m a t e r i a l  o f  t h e  i n s t r u m e n t  i s l a n d .  T h e  

r e s u l t s  o f  t h e  m a x i m u m  a n d  m i n i m u m  d e n s i t y  

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

t h e  v o i d  r a t i o  ( 1 . 0  f o r  t h e  m i n i m u m  d e n s i t y  

a n d  0 . 3  f o r  t h e  m a x i m u m  d e n s i t y )  w h i c h  i s  

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

m a t e r i a l .

R e s u l t s  o f  t h e  l a b o r a t o r y  t e s t i n g  p r o g r a m ,  

( d e t a i l l e d  i n  L e f e b v r e  a n d  a l )  s h o w  t h e  

f o l l o w i n g :

U n d e r  p r o g r e s s i v e  c o m p r e s s i o n ,  t h e  p a r t l y  

s a t u r a t e d  s a m p l e s ,  w i t h  a  d e n s i t y  o f  9 4  t o  

9 8 % ,  s e t t l e  b y  0 , 5  t o  0 , 8 %  i n  a g r e e m e n t  w i t h  

t h e  i n c l i n o m e t e r  d a t a  t a k e n  d u r i n g  t h e  

c o n s t r u c t i o n  s t a g e  u n d e r  t h e  s a m e  r a n g e  o f  

s t r e s s .  T h i s  c o n f i r m s  t h e  r e p r e s e n t a v i t y  o f  

t h e  c o n s t r u c t i o n  i n c l i n o m e t e r  d a t a  f o r  t h e  

m a s s  t i l l ,  w h e t h e r  o r  n o t  l o o s e  m a t e r i a l  

e x i s t s  a r o u n d  o r  n e a r  t h e  i n s t r u m e n t .

T h e  s e t t l e m e n t  o r  c o l l a p s e  u p o n  w e t t i n g  

i n c r e a s e s  w h i l e  d e n s i t y  a n d  w a t e r  c o n t e n t  

d e c r e a s e s .  S e t t l e m e n t s  c a n  r e a c h  v a l u e s  o f  3  

t o  5 %  f o r  l o o s e  m a t e r i a l  a n d  a r e  c o m p a r a b l e  

i n  m a g n i t u d e  t o  t h e  o n e s  m e a s u r e d  i n  t h e  

i n s t r u m e n t  i s l a n d s  a s  d e s c r i b e d  b e f o r e .

T h e  t o t a l  s t r a i n  u n d e r  p r o g r e s s i v e  l o a d i n g  

f o r  l o o s e  m a t e r i a l  i n d i c a t e s  a  p o t e n t i a l  f o r  

c o l l a p s e  u n d e r  w e t t i n g  a n d  c o n s o l i d a t i o n ,  i f  

o n e  a d m i t s ,  a s  w i l l  b e  d i s c u s s e d  l a t e r ,  t h a t  

t h e  l o o s e  m a t e r i a l  p l a c e d  i n  t h e  c o l u m n  

i s l a n d  i s  i n  a  h i g h l y  u n d e r s t r e s s e d  c o n ­

d i t i o n .  M a t e r i a l  w i t h  l e s s  t h a n  9 0 %  c o m ­

p a c t i o n  e x h i b i t s  a  c o l l a p s e  p o t e n t i a l  o f  3  t o  

5 %  a n d  v a l u e s  a s  h i g h  a s  1 0 %  c a n  b e  r e a c h e d  

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

A l t h o u g h  l a b o r a t o r y  t e s t i n g  w a s  l i m i t e d  a n d  

r e l a t i v e l y  s i m p l e ,  t h e  r e s u l t s ,  d u e  t o  t h e i r  

g o o d  a g r e e m e n t  w i t h  f i e l d  d a t a ,  a l l o w  a n  

e x p l a n a t i o n  t o  t h e  c o l l a p s e  m e c h a n i s m  

e s p e c i a l l y  i n  t h e  c a s e  o f  t h e  T A - 1 0  d y k e .

F i g u r e  4  p r e s e n t s  a  s c h e m a t i c  i n t e r p r e t a t i o n  

o f  t h e  i n s t r u m e n t  p r o t e c t i o n  i s l a n d  b e h a v i o u r  

a s  t h e  r e s e r v o i r  f i l l i n g  w a s  p r o g r e s s i n g .  B y  

a s s u m i n g  n o  l a t e r a l  m o v e m e n t ,  o n e  c a n  e s t i m a t e  

t h e  v a r i a t i o n  i n  v e r t i c a l  s t r e s s  a s  t h e  s o i l  

c o l l a p s i n g  p h e n o m e n o n  d e v e l o p s .  T h e  c o r r e s ­

p o n d i n g  s t r e s s  s t a t e  p a t h  f o r  v a r i o u s  p a r t s  o f  

t h e  c o l l a p s i n g  c o l u m n  i s  p r e s e n t e d  o n  F i g u r e  

5 ,  u s i n g  t h e  o e d o m e t r i c  r e s u l t s  o f  d e n s e  a n d  

l o o s e  m a t e r i a l s  a t  a  w a t e r  c o n t e n t  o f  6 . 6 %  

( W o p t  -  1 , 5 % )

T h i s  s i m p l i f i e d  i n t e r p r e t a t i o n  i s  i n  a g r e e m e n t  

w i t h  t h e  i n c l i n o m e t e r  d a t a  a n d  w i t h  t h e  p e n e ­

t r a t i o n  r e s i s t a n c e  m e a s u r e d  b e f o r e  a n d  a f t e r  

o r  b e f o r e  s i n k h o l e  o c c u r r e n c e .  I t  f u l l y  

s u p p o r t s  a n  i n  s i t u  s o i l  s t r u c t u r e  c o l l a p s e  

m a g n i t u d e  i n  t h e  o r d e r  o f  5 % .

INTERPRETATION OF THE COLLAPSE MECHANISM

F i g u r e  5 .  C o m p r e s s i o n  C u r v e s  ( S a m p l e s  p r e p a r e d  

a t  w :  = 6 . 6 % )  -  S t a t e  P a t h s .

C O M M E N T S

F r o m  w h a t  h a s  b e e n  r e p o r t e d  a b o v e ,  i t  s h o u l d  

n o t  b e  d e d u c e d  t h a t  t h e  e x i s t e n c e  o f  i n s ­

t r u m e n t  i s l a n d s  o r  e v e n  t h e  p r e s e n c e  o f  t h e  

i n s t r u m e n t s  a r e  t h e  c a u s e  o f  s u c h  c o l l a p s e  

p h e n o m e n a .  O n  t h e  J a m e s  B a y  P r o j e c t ,  m o s t  

i n s t r u m e n t a t i o n  i s l a n d s  h a v e  b e e n  b u i l t

1800
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s a t i s f a c t o r i l y .  F u r t h e r m o r e ,  f i l l  e m b a n k m e n t  

c o n s t r u c t i o n  h a s  b e e n  c a r r i e d  o u t  u n d e r  h i g h  

s t a n d a r d s  o f  p l a c e m e n t  a n d  c o n t r o l  a n d  

e m b a n k m e n t s  a s  a  w h o l e  b e h a v e  v e r y  s a t i s ­

f a c t o r i l y .  T h e r e f o r e ,  t h e  l o c a l  d e f i ­

c i e n c i e s ,  w h i c h  d i d  n o t  e n d a n g e r  t h e  

s t r u c t u r e s  t h e m s e l v e s  a r e  o f  i n t e r e s t  f o r  t h e  

f o l l o w i n g  r e a s o n s :

T h e y  c o n f i r m  t h a t  a l l  p a r t l y  s a t u r a t e d  

m a t e r i a l s  w i l l  c o l l a p s e  u p o n  w e t t i n g  i f  

t h e y  a r e  n o t  w e l l  c o m p a c t e d ;  c o l l a p s e  

w i l l  b e  g r e a t e r  f o r  r e l a t i v e l y  d r i e r  

m a t e r i a l .  A l t h o u g h  t h i s  s t a t e m e n t  m a y  b e  

e v i d e n t  t o  m a n y ,  t h e  o c c u r r e n c e  o f  t h e  

s i n k h o l e s  d e m o n s t r a t e s  t h a t  e v e n  i n  s o  

c a l l e d  w e l l  d e s i g n e d  a n d  w e l l  c o n s t r u c t e d  

e m b a n k m e n t s ,  s u c h  d e f i c i e n c y  m a y  o c c u r .

S u c h  a  c o l l a p s e  m e c h a n i s m  m a y  h a v e  c o n ­

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

i n c i d e n t s  w h i c h  m a y  h a v e  b e e n  a t t r i b u t e d  

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

c a s e ,  t h e  d e f i c i e n c y  i n  c o m p a c t i o n  w a s  

n o t  e a s y  t o  d e m o n s t r a t e  a s  d e t a i l e d  

e v i d e n c e  o f  s u c h  d e f i c i e n c i e s  a r e  s e l d o m  

f o u n d  i n  " a s  b u i l t "  r e p o r t s .  T h e  r e p o r t e d  

p h e n o m e n a  ( w e t t e d  c o l u m n )  c o u l d  b e  

r e l a t e d  t o  w e t  s e a m s  o f t e n  a s s o c i a t e d  t o  

h y d r a u l i c  f r a c t u r i n g .

M a g n i t u d e  o f  c o l l a p s e  i s  h i g h e r  f o r  

b r o a d l y  g r a d e d  l o o s e  m a t e r i a l s  s u c h  a s  

t i l l  t h a n  f o r  m o r e  u n i f o r m  m a t e r i a l  a n d  

o n e  m a y  s u p p o s e  t h a t  s u c h  p h e n o m e n a  m a y  

o c c u r  i n  a  f i l t e r  b u t  w i t h  a  r e d u c e d  

m a g n i t u d e .  T h e  a u t h o r s  b e l i e v e  t h a t  

p r o p e r  c o m p a c t i o n  o f  e m b a n k m e n t  m a t e r i a l  

i s  a  s t r o n g  p r i o r i t y  i n  a l l  c a s e s ,  e v e n  

t h o u g h  s o m e  a r c h i n g  m a y  d e v e l o p .

I n s t r u m e n t  d a t a  c a n  b e  g r e a t l y  i n f l u e n c e d  

b y  t h e  s u r r o u n d i n g  m a t e r i a l .  P h e n o m e n a  

s u c h  d e s c r i b e d  a b o v e ,  c o u l d  e x p l a i n  p i e z o ­

m e t e r  l e v e l s  w h i c h  d o  n o t  r e f l e c t  t h e  

g e n e r a l  e m b a n k m e n t  b e h a v i o u r  b u t  l o c a l  

d e f i c i e n c i e s  i n  t h e i r  i n s t a l l a t i o n .
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T h e  a u t h o r s  w i s h  t o  t h a n k  t h e  S o c i é t é  

d ' é n e r g i e  d e  l a  B a i e  J a m e s  ( S E B J )  f o r  

p e r m i s s i o n  t o  p u b l i s h  t h i s  p a p e r .
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