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Effects of localization in triaxial tests on clay

Effets de la localisation dans les essais triaxiaux sur argile
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SYNOPSI S Th e  i mp o r t a n c e  o f  d i s t i n g u i s h i n g  b e t we e n  t wo  p r i n c i p a l l y  d i f f e r e n t  t y p e s  o f  f a i l u r e ,  wh i c h  d e v e l o p

u n d e r  a n d  a s  a  c o n s e q u e n c e  o f  d i f f e r e n t  s t r a i n  c o n d i t i o n s  i n  t r i a x i a l  t es t s  o n  c l a y  i s  p o i n t e d  out .  A l i n e  f a i l u r e  wi l l  

d e v e l o p  u n d e r  c o n d i t i o n s  o f  n o n u n i f o r m s t r a i n  s t a t e s  i n  t he  t es t  s p e c i me n ,  wh e r e a s  a  z o n e  f a i l u r e ,  i n  wh i c h  mu l t i p l e  

s l i p  p l a n e s  t r a v e r s e  t h e  c l a y  s p e c i me n ,  wi l l  d e v e l o p  u n d e r  c o n d i t i o n s  o f  ma c r o s c o p i c a l l y  u n i f o r m s t r a i n  s t a t e s  i n  t he 

s p e c i me n .  Th e  t wo t y p e s  o f  f a i l u r e  wi l l  g e n e r a l l y  y i e l d  d i f f e r e n t  t y p e s  o f  b e h a v i o r .  Se r i e s  of  t es t s  we r e  c o n d u c t e d  on  

r e mo l d e d  c l a y  wi t h  o v e r c o n s o l i d a t i o n  r a t i o s  o f  1,  2,  5 an d  15.  Th e  t e s t s  we r e  p e r f o r me d  i n t r i a x i a l  c o mp r e s s i o n  a nd  

t r i a x i a l  e x t e n s i o n  o n  s p e c i me n s  wi t h  l i n e  f a i l u r e  a n d  wi t h  z o n e  f a i l u r e .  Th e  d i f f e r e n c e  i n b e h a v i o r  i s  mo s t  p r o n o u n c e d  

i n  t r i a x i a l  e x t e n s i o n  t es t s .  I t  i s  c o n c l u d e d  t h a t  c o mp a r i s o n s  o f  s t r e s s - s t r a i n ,  u n d r a i n e d  s t r e s s - p a t h ,  a n d  s t r e n g t h  

c h a r a c t e r i s t i c s  o b t a i n e d  u n d e r  d i f f e r e n t  s t r e s s  c o n d i t i o n s  s h o u l d  o n l y  b e  ma d e  i f  t he s e  h a v e  b e e n  o b t a i n e d  u n d e r  t he  

s a me  s t r a i n  a n d  f a i l u r e  c o n d i t i o n s ,  p r e f e r a b l y  t h o s e  o f  u n i f o r m s t r a i n s  a n d  c o n s e q u e n t  z o n e  f a i l u r e .

I NTRODUCTI ON

Co n s t i t u t i v e  mo d e l s  f o r  s o i l s  a r e  mo s t  o f t e n  d e v e l o p e d  o n  

t he  b a s i s  o f  e x p e r i me n t a l  b e h a v i o r  o b s e r v e d  i n  l a b o r a t o r y  

t es t s .  I t  i s  t h e r e f o r e  i mp o r t a n t  t h a t  s u c h  t e s t s  a r e  p e r ­

f o r me d  c o r r e c t l y  a n d  t h a t  t he r e c o r d e d  d a t a  t r u l y  r e p r e ­

s e n t  t he  s t r e s s - s t r a i n  b e h a v i o r  o f  t he  s o i l .  I d e a l l y ,  t he  

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

c o mp l e t e l y  u n i f o r m.  I t  i s  g e n e r a l l y  c o n s i d e r e d  t ha t  a d e ­

q u a t e l y  u n i f o r m c o n d i t i o n s  wi l l  b e  a c h i e v e d  b y  u s i n g  t a l l  
s p e c i me n s  wi t h  h e i g h t s  g r e a t e r  t h a n  o r  e q u a l  t o  t wo  d i a m­

e t e r s ,  or  b y  u s i n g  l u b r i c a t e d  c a p s  a n d  b a s e s ,  o r  bo t h .

Ev e n  u n d e r  c o n d i t i o n s  wh e r e  en d  r e s t r a i n t  i s  n e g l i g i b l y  

s ma l l ,  h o we v e r ,  s e v e r e  n o n u n i f o r mi t i e s  i n s t r a i n  c a n  d e ­

v e l o p  i n  t r i a x i a l  t es t s ,  a n d  t h e s e  n o n u n i f o r mi t i e s  i n  

s t r a i n  c a n  h a v e  s i g n i f i c a n t  e f f e c t s  o n  t he  s t r e s s - s t r a i n ,  

u n d r a i n e d  s t r e s s - p a t h ,  a n d  s t r e n g t h  b e h a v i o r  of  t he  c l ay .

Se r i e s  o f  t e s t s  we r e  p e r f o r me d  i n  t r i a x i a l  c o mp r e s s i o n  an d  

t r i a x i a l  e x t e n s i o n  o n  s p e c i me n s  o f  r e mo l d e d  c l a y  wi t h  ov e r ­

c o n s o l i d a t i o n  r a t i o s  o f  1,  2,  5 a n d  15.  Th e  e f f e c t s  of  

n o n u n i f o r m s t r a i n  a r e  d i s c u s s e d  b e l o w,  a n d  t he  ma g n i t u d e s  

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

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

MODES OF FAI L URE

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

o r a t o r y  t r i a x i a l  s p e c i me n s  wh e t h e r  t h e s e  a r e  d r a i n e d  or  

u n d r a i n e d :

( 1)  Un d e r  c o n d i t i o n s  o f  u n i f o r m s t r e s s  a n d  s t r a i n ,  z one  
f a i l u r e  o c c u r s .  I n  t h i s  t y p e  o f  f a i l u r e  mu l t i p l e  f a i l u r e  

p l a n e s  t r a v e r s e  t he  s p e c i me n  a t  a n g l e s  o f  ± ( 45 +  <f >/ 2)  d e ­

g r e e s  t o t he  (73- d i r e c t i o n .

( 2)  Un d e r  c o n d i t i o n s  o f  n o n u n i f o r m s t r a i n ,  l i n e  f a i l u r e  
c a n  o c c u r .  I n  t h i s  t y p e  o f  f a i l u r e  t wo  p r a c t i c a l l y  s o l i d  
b o d i e s  s l i d e  p a s t  e a c h  o t h e r  a l o n g  a  s i n g l e  f a i l u r e  p l ane ,  

wh i c h  i s  o r i e n t e d  a t  ( A5  H- / 2)  d e g r e e s  t o t he  o ^ - d i r e c t i o n .

Th e  t er r as ?z o n e  f a i l u r e1 a n d  ' l i ne  f a i l u r e '  we r e  u s e d  b y  

Br i n c h  Ha n s e n  ( 1953)  a n d  a l s o  b y  J a c o b s e n  ( 1967)  i n  a n  i n ­

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

c o mp r e s s i o n  t es t s .  Th e y  we r e  a l s o  e mp l o y e d  i n  a  s t u d y  o f  

t he  b e h a v i o r  o f  s a n d  ( Lade,  1982 ) .  Wh i c h  t y p e  o f  f a i l u r e  

wi l l  d e v e l o p  i n  a  g i v e n  c a s e  d e p e n d s  o n  t h r e e  f ac t o r s :

( 1)  Un i f o r mi t y  o f  d e n s i t y . —  No n u n i f o r mi t y  i n  t he  de n s i t y  

of  a  t e s t  s p e c i me n  p r o mo t e s  d e v e l o p me n t  of  l i n e  f a i l u r e s .  

Zo n e s  wi t h  l o w d e n s i t i e s  c o n s t i t u t e  z o n e s  o f  we a k n e s s ,  a nd  

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

s o i l .  Th e r e f o r e ,  t he  s t r e n g t h  me a s u r e d  i n a  s p e c i me n  u n d e r ­

g o i n g  l i n e  f a i l u r e  i s  o n l y  r e p r e s e n t a t i v e  o f  t he  d e n s i t y  of  

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

o f t e n  b e  l es s  t h a n  t he  a v e r a g e  f o r  t he  wh o l e  s p e c i me n .

( 2)  Te n d e n c y  t o d i l a t e  or  c o mp r e s s . —  A t e n d e n c y  t o  

d i l a t e  d u r i n g  s h e a r  a g g r a v a t e s  i n i t i a l  n o n u n i f o r mi t y  of  
d e n s i t y  a nd  ma k e s  l i n e  f a i l u r e  mo r e  l i k e l y .  A t e n d e n c y  t o 

c o mp r e s s  d u r i n g  s h e a r  h as  t he  o p p o s i t e  e f f e c t .  I f  s u f f i ­

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

c o u l d  b e c o me  as  d e n s e  a n d  s t r o n g  as  s o me  o t h e r  p a r t s  o f  t he  

s p e c i me n .  Th i s  wo u l d  r e s u l t  i n  i n c r e a s i n g  u n i f o r mi t y  of  

d e n s i t y  t hus  p r o mo t i n g  c o n d i t i o n s  f o r  z o n e  f a i l u r e .

( 3)  Bo u n d a r y  c o n d i t i o n s . —  Re g a r d l e s s  o f  t he  u n i f o r mi t y  

of  d e n s i t y  o f  t he  s p e c i me n  a n d  t h e  c h a n g e s  i n  d e n s i t y  r e ­

s u l t i n g  f r o m v o l u me  c h a n g e s ,  z o n e  f a i l u r e  wi l l  o c c u r  i f  

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

t he  s p e c i me n .  Th e  b e s t  b o u n d a r i e s  f o r  e n f o r c i n g  u n i f o r m 

s t r a i n s  a r e  s t i f f ,  l u b r i c a t e d  f l a t  s u r f a c e s .  Su c h  b o u n d ­

a r i e s  r e d u c e  f r i c t i o n  g r e a t l y ,  wi t h  t h e  r e s u l t  t ha t  t he  
s t r e s s e s  a r e  e s s e n t i a l l y  u n i f o r m.  Th e y  a l s o  p r e v e n t  d e v e l ­

o p me n t  o f  l i n e  f a i l u r e s  p r o v i d e d  t he  p o t e n t i a l  p l a n e s  of  
s l i d i n g  a r e  o r i e n t e d  s u c h  t ha t  t h e y  wo u l d  h a v e  t o  i n t e r ­

s e c t  t he  b o u n d a r y .

I n  t r i a x i a l  c o mp r e s s i o n  t e s t s  wi t h  u n i f o r m s t r e s s  c o n d i ­

t i o n s  t he  f a i l u r e  p l a n e  i s  o r i e n t e d  a t  ( 45 +  2)  d e g r e e s  

t o  t h e  p l a n e s  o f  t he  c a p  a nd  ba s e ,  a nd  t r a n s c e n d s  a l e n g t h  

of  D # t a n  ( 45 +  <f >/ 2)  a s  s h o wn  a t  t he  u p p e r  l e f t  i n  Fi g .  1.

I f  t h e  l e n g t h  o f  t he  s p e c i me n  i s  e q u a l  t o or  g r e a t e r  t h a n  
t he  l e n g t h  t r a n s c e n d e d  b y  t h e  f a i l u r e  p l a n e ,  l i n e  f a i l u r e  

c a n  o c c u r .  I f  t h e  s p e c i me n  i s  s h o r t  wi t h  H = D,  o n l y  z o n e  

f a i l u r e  c a n  oc c u r ,  a s  s h o wn  a t  t he  l o we r  l e f t  i n  Fi g .  1.

I n  t r i a x i a l  e x t e n s i o n  t es t s  wi t h  u n i f o r m s t r e s s  c ond i t i ons ,  

t he  f a i l u r e  p l a n e  t r a n s c e n d s  a l e n g t h  o f  D* t a n  ( 45 -  <f>/ 2)  

as  s h o wn  a t  t he  r i g h t  i n  Fi g .  1.  Thu s ,  l i n e  f a i l u r e  c a n  
o c c u r  i n  e x t e n s i o n  t e s t s  e v e n  i f  t h e  s p e c i me n s  a r e  s h o r t ,  

wi t h  H = D.  To  p r e v e n t  l i n e  f a i l u r e s  i n  e x t e n s i o n  t es t s ,  

i t  i s  n e c e s s a r y  t o p r o v i d e  t wo p a i r s  o f  s t i f f  l o w- f r i c t i o n
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T R IA X IA L  COMPRESSION T R IA X IA L  E X TE N S IO N

H = 2D  T O  2 .5D  H = 2D  TO  2 .5D

T R IA X IA L  COMPRESSION T R IA X IA L  E X TE N S IO N

H = D H = D

Fi g.  1.  Boundar y Condi t i on Ef f ect s on Fai l ur e Type.

side length of 7.6 cm was used in one test, and a cylindri­
cal specimen with diameter of 7.1 cm was employed in the 
other test. Zone failure occurred in these tests. The 
strain rate used in tests on specimens with lubricated end 
plates is not subject to calculation, because the stresses 
and strains and therefore also the pore pressures are pre­
sumed to be uniform. Following a procedure recommended by 
Barden and McDermott (1965), a strain rate of 0.04 %/min. 
was selected for the specimens with lubricated ends.

End restraint results in development of shear stresses at 
the cap and base, and this may have an effect similar to 
testing the specimen at a confining pressure slightly 
higher than that actually employed. The tr ia x ia l compres­
sive strength may therefore be higher than expected, even 
for specimens with heights greater than or equal to two 
diameters in which line failure can develop. Fig. 2(a) 
shows that the normalized stress-strain curve for the 
conventional specimen is steeper at small strains, as a 
result of the end restraint imposed by the rough cap and 
base. The effective stress ratio-strain curve shown in 
Fig. 2(b) for the line failure specimen breaks over much 
more sharply and the strain-to-failure is considerably 
smaller. These effects are due to the fact that most of 
the deformation of the specimen occurs within a narrow 
zone, and the rest of the specimen deforms very l i t t le  
after the onset of failure. The stress-strain curves for 
the zone failure specimens break over much more gradually, 
and the strains-to-failure are considerably larger, owing 
to the fact that the specimens undergo essentially uniform 
strains.

boundaries. This can be done in triax ia l extension tests 
on cubical specimens by applying equal stress differences, 
(0 ;L - O3) = (0̂ 2 -  CJ3) , to two pairs of faces of the cube 
through s t i f f ,  lubricated platens. Under these conditions 
zone failure can be achieved in triax ia l extension. The 
cubical tr ia x ia l apparatus presented by Lade (1978) was 
used for the zone fa ilure tests.

TESTS ON REMOLDED CLAY

Consolidated-undrained tests with pore pressure measure­
ments were performed on saturated specimens of Edgar Pul­
verized Kaolin (EPK clay) with the following characteris­
tics: Liquid lim it = 57.7, plastic lim it = 29.6, and 
activ ity = 0.50. The specimens were prepared from a clay 
slurry mixed at a water content of two times the liquid 
lim it and consolidated in a double draining consolidometer 
at a vertical pressure of 2.0 kg/cm^. After thoroughly 
remolding the clay, specimens were trimmed and consolidated 
isotropically at 3.00 kg/cm . The overconsolidated clay 
specimens were subsequently allowed to swell at isotropic 
effective confining pressures of 1.50, 0.60 and 0.20 kg/cm  ̂
corresponding to overconsolidation ratios of 2, 5 and 15. 
Tests were also performed on normally consolidated speci­
mens, i.e . corresponding to OCR = 1.

TRIAXIAL COMPRESSION TESTS

Typical normalized stress-strain curves and effective 
stress ratio-strain curves for three undrained tr ia x ia l 
compression tests on EPK clay with OCR = 5 are shown on 
Fig. 2. The f ir s t  test was performed on a specimen with 
diameter of 7.1 cm, H/D = 2.3, and with normal (unlubri­
cated) cap and base. The consequent end restraint caused 
nonuniform stress and strain distributions and therefore 
nonuniforra pore pressure distribution within the specimen. 
F ilter paper drains were employed around the specimen and 
the test was performed with suffic iently slow strain rate 
to allow a high degree of pore pressure equalization 
(Blight, 1963). Line fa ilure could occur in this test.

Two tests were performed on short specimens with H/D = 1.0 
and with lubricated cap and base. A cubical specimen with
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Stress-Strain Behavior in Triaxial Compression 
Tests on EPK Clay with OCR = 5.
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Fig. 3. Stress-Strain Behavior in Triaxial Extension 
Tests on EPK Clay with OCR = 5.

Results similar to those shown in Fig. 2 were also obtained 
from the other tr ia x ia l compression tests performed with 
different overconsolidation ratios. The strengths of the 
line fa ilure specimens were s ligh tly higher than those of 
the zone failure specimens, due to effects of end restraint. 
The average effective fr ic tion  angle for the tests on ta ll  
specimens with end restraint and line failure was 31.0°, 
whereas the average effective fr ic tio n  angle for a ll the 
tests on short specimens with lubricated ends and zone 
failure was 29.3°. Similar effects were obtained in tests 
by Blight (1965) and by Duncan and Dunlop (1968).

The results in Fig. 2 indicate that the behavior measured 
in the zone failure tests performed on short cylindrical 
specimens and on cubical specimens were very similar. The 
average effective fr ic tion  angle obtained from the cylin­
drical specimens was 29.0° and that obtained from the 
cubical specimens was 29.7°. Thus, the influence of spe­
cimen shape is not pronounced.

TRIAXIAL EXTENSION TESTS

Triaxial extension tests were performed on short specimens 
of EPK clay with two different shapes: 7.6 cm cubical 
specimens and cylindrical specimens with diameter of 7.1cm 
and with H/D = 1.0. Two different procedures were used in 
the consolidated-undrained tests. In the f ir s t  procedure, 
the axial stress (03) was applied through a s t i f f ,  lub ri­
cated cap and base, while the lateral stresses (a2 = CT̂) 
were applied by the chamber pressure acting against the 
rubber membrane surrounding the specimen. Line failure 
occurred in these tests, because the failure plane inter­
sected the flexible membrane. In the second type of test, 
one of the lateral stresses ((J3) was applied through the 
rubber membrane surrounding the specimen, while the other 
lateral stress and the axial stress were applied through 
s t i f f ,  lubricated plates. Zone failures occurred in these 
tests. Because the specimens were isotropic and fu lly  
saturated in both types of extension tests, the effective 
stress-paths should be the same. Thus, any difference in 
stress-strain behavior would be caused by the occurrence of 
line failure and zone fa ilure in the two types of tests.

ratio in the zone failure specimen was almost 50% higher 
than that obtained in the line failure specimen.

The other tr ia x ia l extension tests performed with d iffe r­
ent overconsolidation ratios exhibited similar behavior as 
those shown in Fig. 3. The average effective fric tion  
angle for the tests on cylindrical specimens with line fa i l ­
ure was 31.0°, whereas the average effective fric tion  angle 
for the cubical specimens with zone failure was 38.2°, i.e . 
the difference between fric tion  angles in extension was 
about 7°. Thus, the differences between results of tests 
with zone failure and line failure are much more pronounced 
in extension tests than in compression tests.

NORMALIZED STRESS-PATHS

The effective stress-paths obtained from the undrained t r i ­
axial compression and extension tests with zone failure 
and with line failure are shown on the normalized p' - q 
diagrams in Fig. 4. In these diagrams p' = 1/3 (aj+tfJ+O^ ) > 

q = (O^-aO and p’ = equivalent consolidation pressure 
determined from tne virgin Isotropic compression curve 
(Hvorslev, 1960; Schofield and Wroth, 1968). The slopes of 
the failure lines indicated on Fig. 4 are related to the 
effective fric tion  angles as follows (Schofield and Wroth, 
1968): Triaxial compression, 
tr ia x ia l extension, Mo

Mi = 6*sin4) ' /(3-sin<t> ') , and 
6 • s intj) / ( 3+s in$ * ) .

For each of the four combinations of triax ia l compression 
and extension, and zone failure and line failure, the 
effective stress-paths a ll converge towards the individual 
four slopes indicated on Fig. 4. These slopes are almost 
the same for the tests in tr ia x ia l compression, but they 
are substantially different for the tests in tr ia x ia l ex­
tension. This difference reflects the difference in 
effective fric tion  angle discussed above.

I t  is apparent that more consistent behavior is observed 
for the tests with zone failure. Thus, the normalized 
effective mean normal stresses reached essentially common 
values at fa ilure. Whether the common values obtained in

Z O N E  F A IL U R E L IN E  F A IL U R E

Typical relations between effective stresses and strains 
for two undrained tr ia x ia l extension tests on specimens 
with OCR = 5 are shown on Fig. 3. The behavior of the clay 
in these tests is similar to that observed In tr ia x ia l com­
pression tests, but the differences are much larger. End 
restraint did not play a role in these tests in which lub­
ricated ends were employed. The effect of line failure is 
therefore clearly demonstrated. The peak effective stress

Fig. 4. Effective Stress-Paths for EPK Clay Shown in 
Normalized p’ - q Diagrams.
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compression and in extension are the same is outside this 
investigation. In comparison, the tests with line fa i l ­
ure show considerable scatter in their fina l value of the 
normalized effective mean normal stress.

Fig. 4 also indicates that the normalized undrained com­
pressive strengths, represented by q/p^ at fa ilure, are 
more consistently determined in the zone failure tests 
than in the line failure tests. Thus, in zone failure 
tests the value of q/p^ at failure is independent of over­
consolidation ratio, but i t  is smaller in extension than 
in compression.

The normalized effective stress-paths for the zone failure 
specimens a ll approach and (within the scatter of the ex­
perimental results) reach the same points on the failure 
lines. Whereas the failure stresses are different for com­
pression and extension, the observed behavior support the 
c r it ic a l state concept, as explained by Schofield and Wroth 
(1968). Each of the two c r it ic a l states reached at the 
end of the zone failure tests represent a unique combina­
tion of p ', q, and void ratio (which is uniquely related 
to p^). The data also indicate that at least one more 
parameter is required to describe the variation of M = q/p' 
or (J)* under general three-dimensional conditions.

DISCUSSION

The large difference in stress-strain, undrained stress- 
path and strength behavior observed in line failure and 
zone failure tests can have a significant influence on a 
number of important questions concerning modeling of soil 
behavior in constitutive models. As an example, consider 
the comparison of effective fr ic tion  angles for EPK clay 
in compression and extension. I f  line failure occurred in 
both cases, the results in Fig. 4 show that the comparison 
would be:

For compression, <|>f = 31.0°
For extension, 4>f - 31.0°

I f  zone failure occurred in both cases, the comparison 
would be:

For compression, (J)' = 29.7°
For extension, (J>' = 38.2°

I f  zone failure occurred in the compression test and line 
failure occurred in the extension test, which is quite 
like ly  what would happen i f  the tests were performed on 
specimens with H = D and with lubricated caps and bases, 
the comparison would be:

For compression, 55 29.7°
For extension, <J>* -  31.0°

This la tte r comparison, which ignores the very significant 
influence of the type of failure, would lead to an incor­
rect conclusion regarding the values of <t>' for compression 
and extension.

I t  is interesting to consider whether tests with line fa i l­
ure or tests with zone failure give results more suitable 
for modeling in constitutive laws and for analyses of fie ld 
problems. Because natural soil deposits are seldom i f  ever 
uniform with regard to density, i t  would be expected that 
line failure w ill occur in the fie ld  when the soil is ex­
panding and when zone failure is not imposed by the bound­
ary conditions. Line failure and localized deformation 
may also be promoted by the boundary conditions and stress 
concentrations produced in the particular fie ld  problem 
under investigation. The boundary conditions and stress 
concentrations particular to the tr ia x ia l tests in which 
line failure develops, however, w ill seldom i f  ever be 
representative of those in the fie ld  (see also Taylor,
1948), and i t  is therefore unlikely that the results from 
such tests would be appropriate for analyses of fie ld  prob­
lems. I t  is believed that zone failure tests provide the 
best means of establishing consistent stress-strain and 
strength relationships for soils. The development of line 
failure and localized deformation should be determined from 
numerical analyses performed by fin ite  element or fin ite

difference methods which take into account the proper 
boundary conditions, stress concentrations, possible 
nonuniformities in the so il, and an appropriate constitu­
tive model with material parameters determined from tests 
with zone failure. I f  modeled correctly, localized plas­
tic  deformation and therefore line failure should develop 
and propagate through the soil mass as appropriate.

CONCLUSIONS

Line failure and zone failure are different modes of fa i l ­
ure which can lead to significantly different stress- 
strain and strength characteristics. Line failure involves 
only a small part of the specimen, and generally the loos­
est part. Zone failure involves the entire specimen and 
provides a better measure of the properties of the clay at 
the average specimen density. Which of these two types of 
failure occurs in a given case w ill be determined by the 
boundary conditions, the uniformity of density of the 
specimen or the clay deposit, and the tendency of the clay 
to d ila te, which in turn depends on the overconsolidation 
ratio for the clay.

The difference in the results of these two types of tests 
may be very considerable. For tr ia x ia l compression tests 
on EPK clay, the values of <J)f measured in line failure 
tests are 1 to 2 degrees higher than those measured in 
zone failure tests, mainly due to end restraint in the 
conventional specimens. For tr ia x ia l extension tests the 
values of measured in zone failure tests are about 7 
degrees higher than those measured in line failure tests. 
Examination and identification of the type of failure in 
laboratory tests is very desirable because of the possible 
significant influence on the results, and the fact that 
comparing the results of line fa ilure and zone failure 
tests can lead to incorrect conclusions regarding the 
behavior of clay.
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