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SYNOPSIS T r ia x ia l compression and extension te s ts  and te s ts  w ith  th ree  unequal p r in c ip a l stresses performed 
on sand and on norm ally consolidated, remolded c lay form the basis fo r  an evalua tion  o f the fa i lu re  conditions 
in  these s o i l  types. I t  is  shown th a t the  three-dim ensional fa i lu re  surfaces are s im ila r  fo r  sand and 
norm ally consolidated, remolded c lay when the te s t re s u lts  are in te rp re te d  in  terms o f  e ffe c tiv e  stresses.

The p la s t ic  p o te n tia l surfaces are stud ied  on the basis o f the d ire c tio n s  o f  the s tra in  increments a t fa i lu re  
and i t  is  shown th a t they are s im ila r  fo r  these two s o ils .  These observations in d ica te  th a t the basic frame­
work fo r  s tre s s -s tra in  models developed from concepts o f p la s t ic i ty  theory should be s im ila r  fo r  sand and 
norm ally consolidated, remolded c lay .

INTRODUCTION

The s tre s s -s tra in  and strength  ch a ra c te ris tic s  o f 
sand and c lay are s im ila r  in  many respects, espe­
c ia l ly  when the s o il  behavior is  in te rp re te d  in  
terms o f e ffe c tiv e  stresses. The exten t to  which 
th is  s im ila r it y  is  found in  sand and c lay under th ree - 
dimensional loading cond itions has great bearing on 
the s im ila r it y  in  the th e o re tic a l development o f the 
basic framework fo r  s tre s s -s tra in  rrodels fo r  these 
s o i l  types. Of prime in te re s t in  th is  respect are 
comparisons o f the fa i lu re  surfaces and the d ire c ­
tio n s  o f the s tra in  increment vectors a t fa i lu re .
These two aspects o f s o il  behavior are determining 
fo r  the y ie ld  c r i te r ia  and the p la s t ic  p o te n tia ls  
used in  s tre s s -s tra in  models based on p la s t ic i ty  
theory. The cond itions p re v a ilin g  a t fa i lu re  in  
sand and in  norm ally consolidated, remolded c lay 
have been stud ied  on the basis o f re s u lts  o f t r i ­
a x ia l compression and extension te s ts  and te s ts  w ith  
th ree  unequal p r in c ip a l stresses. The in fluence  o f 
the interm ediate p r in c ip a l s tress on the strengths 
and on the re la t iv e  magnitudes o f the s tra in  inc re ­
ments are compared, and the s im ila r it ie s  and d i f f e r ­
ences in  the behavior o f  sand and norm ally consol­
ida ted , remolded c lay are discussed.

TNREE-DIMENSTTONAL TESTS

A l l  te s ts  performed fo r  in v e s tig a tio n  o f the in fluence  
o f the interm ediate p r in c ip a l s tress on the behavior 
o f  sand and remolded c lay were conducted in  a cubica l 
t r ia x ia l  apparatus. A descrip tio n  o f the design and 
performance o f  th is  apparatus was presented by Lade 
and Duncan (1973). The cub ica l specimens had side 
lengths o f 7.6 cm, and lub rica te d  end p la tes  were 
used in  a l l  te s ts . The te s ts  on both s o ils  were con­
ducted w ith  constant values o f the ra t io  

b = ( a2-0 3) / ( ° i - a3 ) • ef f ect  ° f  s tress-path

on the  e ffe c tiv e  f r ic t io n  angle fo r  sand is  n e g li­
g ib le  (lade and Duncan, 1976), and i t  has o fte n  been 
observed th a t the fa i lu re  surface corresponding

to  the maximum e ffe c tiv e  stress ra t io  fo r  normally 
consolidated c lay is  fo r  p ra c t ic a l purposes inde­
pendent o f the s tress-path  leading to  fa i lu re  (Henkel, 
I960; Olson, 1962). The fa c t th a t a l l  te s ts  on sand 
and remolded c lay were performed w ith  constant values 
o f b has consequently no in fluence on the fa i lu re  
cond itions in  these s o ils .  The conclusions Dre- 
sented below are the re fo re  not lim ite d  to  s tre ss - 
paths w ith  constant b-values.

Tests on Sand. -  Drained te s ts  were performed on 
specimens o f Monterey No. 0 Sand w ith  vo id  ra t io s  o f 
e = 0.78 (Dr  = 21%) and e = 0.57 (D = 982). The 

minor p r in c ip a l s tre ss , o^, was held constant a t 0. 30,

0 .6c, and 1.20 kg/cm^ in  the t r ia x ia l  compression ? 
te s ts  in  which and i t  was 0.60 kg/cm

in  the te s ts  w ith  > o^. The re s u lts  o f these

te s ts  have been reported p rev ious ly  by Lade and 
Duncan (1973), and the p e rtin e n t data are presented 
here fo r  comparison w ith  the re s u lts  o f the te s ts  on 
remolded c lay .

Tests on Remolded C lay. -  Consolidated-undrained 
te s ts  w irn  pore pressure measurements were performed 
on saturated specimens o f  Grunaite Clay w ith  the 
fo llo w in g  c h a ra c te r is tic s : L iqu id  l im i t  = 5^.8, 
p la s t ic  l im i t  = 2*1.7, and a c t iv i t y  = 0.58. The 
specimens were prepared from a c lay s lu r ry  consol­
ida ted  in  a double d ra in in g  consolidometer a t a ver­
t i c a l  pressure which was 0.1 kg/cm sm aller than the 
f in a l  is o tro p ic  conso lida tion  pressure to  be used in  
the te s ts . A fte r  thoroughly remolding the c lay , 
cub ica l specimens were trimmed and consolidated is o -  
t r o p ic a l ly  a t 1.00, 1. 50, and 2.00 kg/cm corresnond- 
ing  to  water contents o f 3^.^%, 31.9%, and 30.1%, 
re spe c tive ly . The norm ally consolidated, remolded 
specimens were then loaded a t a constant v e r t ic a l 
s tra in  ra te  o f O .O^/m in chosen according to  c r i te r ia  
set fo r th  by Barden and McDermott (1965). A dd itiona l
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( a )  MONTEREY NO.  O SAND (b)

A  ~  LOOSE SAND (e = 0.78) 

□  ~ DENSE SAND (e = 0.57)

- FAI LURE SURFACES 
( COMPRESSI ON)

HYDROSTATI C AXI S

TRACE OF OCTAHEDRAL PLANE 
CORRESPONDI NG TO 1-, = 5. 00 kg/ cm2

FAI LURE SURFACES ( EXTENSI ON)

O ~  = 1. 00 kg/ cm2 

A  ~  o'c = 1. 50 kg/ cm2 

□  ~  a'c = 2. 00 kg/ cm2

GRUNDI TE CLAY

FAI LURE SURFACE 
" ( COMPRESSI ON)

STRAI N I NCREMENT VECTOR

HYDROSTATI C AXI S

TRACES OF OCTAHEDRAL 
PLANES CORRESPONDI NG TO 

l-j = 2.43,  3.65,  and 4. 95 kg/ cm2

FAI LURE SURFACE

s/2 • 03 (kg/Cm2), 42 *'£3

1 2  3 4

4~2 • 03 (kg/cm2), 42 • 63

Fig. 1 Failure Surfaces and Strain Increment Vectors 
in Triaxial Plane for Tests on (a) Loose and 
Dense Monterey No. 0 Sand and (b) Grundite Clay.

tests at lower strain rates confinned that the soil 
and pore pressure behavior were not significantly 
affected by the strain rate when lubricated ends were 
enployed. The test results were corrected for the 
loads taken by the f i l t e r  paper and the membrane.

FAILURE SURFACES

The effective strengths and the corresponding failure  
surfaces obtained from the tests on sand and remolded 
clay are shown and their shapes are discussed In view 
of their traces in tr ia x ia l and octahedral planes of 
the principal stress space. The experimentally 
obtained failure surfaces are compared to the Mohr- 
Coulomb failure surfaces and to failure surfaces cor­
responding to a recently developed failure criterion 
for cohesionless soil.

Triaxial Plane. -  Fig. 1 shows the traces of the 
failure surfaces in the tr ia x ia l plane containing the 
a^-axis for loose and dense Monterey No. 0 Sand and 

for Grundite Clay. Comparison of the strengths in 
the tr ia x ia l plane indicates that the failure sur­
faces for sand and remolded clay are very similar, 
when the test results are interpreted in teims of 
effective stresses. The failure surfaces are curved 
in  this plane, and they intersect the origin of the 
principal stress space. Curved fa ilure surfaces have 
often been observed for sand as well as for clay soils 
(Bishop, 1966; Lee and Seed, 1967; Olson, 197*1).

The strength characteristics of normally consolidated 
clay d iffer frcm those of sand in one respect. A 
sand can be deposited with different void ratios and 
these change only l i t t l e  with consolidation pressure. 
Different failure surfaces are obtained for different 
in it ia l void ratios, as indicated on Fig. la for 
Monterey No. 0 Sand. In contrast, a normally con­
solidated clay can only exist in equilibrium at a

void ratio which depends on the consolidation pressure. 
Therefore, only one failure surface is possible for a 
normally consolidated clay, as seen in  Fig. lb for 
Grundite Clay.

Octahedral Plane. -  The strength results from the 
tr ia x ia l compression and extension tests and the tests 
with three unequal principal stresses on the Monterey 
No. 0 Sand and the Grundite Clay are shown on the 
octahedral planes in  Fig. 2. The location of the 
octahedral planes are indicated by the values of the 
f irs t stress invariant, I , ,  and by their traces in  the 
tr ia x ia l plane shown in Fig. 1. Note that the traces 
of the failure surfaces for the loose and dense sand 
are shown in one octahedral plane, whereas the single 
failure surface for the remolded clay is  shown by 
traces in  three different octahedral planes. Only 
the shapes (and not the sizes) of the fa ilure surfaces 
are important for the considerations presented below. 
The specimens of Monterey No. 0 Sand were shown to be 
essentially isotropic (Lade and Duncan, 1973), and 
the tests on remolded Grundite Clay Indicated that the 
specimens were isotropic. The failure surfaces are 
therefore symnetric around the three principal axes 
in the octahedral planes. The failure points shown 
in Fig. 2 have been adjusted for the curvature of the 
failure surfaces in planes containing the hydrostatic 
axis such as the tr ia x ia l planes.

The experimentally obtained failure surfaces are com­
pared to the Mohr-Coulomb failure surfaces and to the 
surfaces corresponding to a failure criterion expres­
sed in terms of the f irs t  and the third stress invari­
ants, I n and I^  (I^de and Duncan, 1975): 

t 3
H / h  - K1

0l  1 02 + a3 = ax + oy ■

(1)

( 2)
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MONTEREY NO. OSAND (b) GRUNDI TE CLAY

Fi g.  2

and 

I ,  *

and i

Fai l ur e Sur f aces i n Oct ahedr al  Pl anes 
f or  Test s on ( a)  Loose and Dense 
Mont er ey No.  0 Sand and ( b)  Gr undi t e Cl ay.

+ 2*t xy yz zx - ( v T2 +0 •
yz y

(3)

1« r., is  a constant which may be determined from the 
results of tr ia x ia l compression tests only. The value 
of the ratio I^ /lg  is 27 for isotropic stress condi­
tions (a1=a2=Oo)3 and i t  increases up to failure where 

expresses the strength of the so il. .The value of 

k, increases with increasing friction  angle in t r i ­
axial conpression. In principal stress space the shape 
of the failure surface defined by Eq. 1 is conical, 
with the apex of the cone at the origin o f the stress 
space, and with cross-sections of the types shown by 
solid lines in  Fig. 2. The cross-sections are sym­
metrical around the principal axes in  the octahedral 
planes, and the shape is  essentially circular for 
values of k, close to 27 and i t  becoires increasingly 
triangular with increasing values o f This may be 

seen by comparing the cross-sections in  Fig. 2.

The irregular hexagons shown by dashed lines in Fig. 2 
are described by the Mohr-Coulomb criterion correspond­
ing to the friction angles in tr ia x ia l compression.
The exper i ment al  f ai l ur e poi nt s ar e al l  l ocat ed out ­
s i de t he r espect i ve hexagons. ,  t hus i ndi cat i ng t hat  t he 
f r i ct i on angl es f r cm t est s wi t h 0£ > ar e hi gher  

t han t hose obt ai ned i n t r i axi al  compr essi on t est s.
Thus, the Mohr-Coulomb failure criterion underestimates 
the strength of both sand and remolded clay for a ll  
but tr ia x ia l compression conditions.

The failure surfaces corresponding to Eq. 1 with values 
of determined from the tr ia x ia l compression tests 
appear to model the failure conditions for both sand 
and remolded clay quite well. Since the failure

sur f aces ar e cur ved as shown i n Fi g.  1,  di f f er ent  
val ues of  ic, cor r espond t o t he cr oss- sect i ons i n t he 
t hr ee oct ahedr al  pl anes shown i n Fi g.  2b.  The di f ­
f er ences bet ween t he measur ed st r engt hs and t hose 
suggest ed by  Eq.  1 ar e most  pr onounced f or  t he t est s 
on Gr undi t e Cl ay per f or med wi t h l ow t o i nt er medi at e 
val ues of  b and^wi t h a consol i dat i on pr essur e of  

o'  = 1. 00 kg/ cm , as shown i n Fi g.  2b.  Thi s consol i da­

t i on pr essur e pr oduced speci mens wi t h r at her  sof t  
consi st ency,  and t he r el at i vel y l ow st r engt hs ar e,  
at  l east  par t l y,  due t o di f f i cul t y i n handl i ng t he 
sof t  speci mens.  The r esul t s of  t he t est s wi t h 

o'c = 1. 50 and 2.00 kg/ cm ar e consi der ed t o be mor e 

r el i abl e,  because t he speci mens wer e st i f f er  and 
t her ef or e easi er  t o handl e.  On t he basi s of  t hese 
consi der at i ons i t  i s suggest ed t hat  t he f ai l ur e cr i ­
t er i on i n Eq.  1 wi t h t he r espect i ve val ues of  

model s t he t hr ee- di mensi onal  st r engt h of  bot h 
Mont er ey No.  0 Sand and Gr undi t e Cl ay wi t h good 
accur acy.

STRAI N I NCREMENT DI RECTI ONS

Because i t  may be possi bl e t o model  t he soi l  behavi or  
by pl ast i ci t y t heor y,  i t  i s of  i nt er est  t o st udy t he 
di r ect i ons of  t he st r ai n i ncr ement  vect or s r el at i ve 
t o t he y i el d or  f ai l ur e sur f aces i n t he pr i nci pal  
st r ess space.  For  t hi s pur pose t he pr i nci pal  st r ai n 
i ncr ement  axes ar e super i mposed on t he st r ess axes 
i n t he pr i nci pal  st r ess space.

Pl ast i c Pot ent i al  Sur f ace. -  The pl ast i c pot ent i al  i s 
a f unct i on f r om whi ch t he r at i os of  t he component s of  

t he pl ast i c st r ai n i ncr ement s can be det er mi ned by 
di f f er ent i at i ng wi t h r espect  t o st r esses.  Thi s f unc­
t i on descr i bes a sur f ace i n t he st r ess space whi ch i s 
cal l ed t he pl ast i c pot ent i al  sur f ace,  and t he pl ast i c
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s tra in  increment d ire c tio n s  are perpendicu lar to  th is  
surface when the p r in c ip a l s tra in  increments are 
p lo tte d  in  the same space as the p r in c ip a l stresses. 
According to  the assumed norm ality  cond ition  used in  
c la s s ic a l p la s t ic i ty  theory , the p la s t ic  s tra in  inc re ­
ment vecto r fo r  a p e rfe c tly  p la s t ic  m a te ria l should be 
normal to  the y ie ld  surface. I f  the norm a lity  condi­
t io n  is  f u l f i l l e d ,  the y ie ld  surface and the p la s t ic  
p o te n t ia l surface co inc ide. This cond ition  s im p li­
f ie s  the development o f  p la s t ic  s tre s s -s tra in  re la ­
tio n s  considerably. I t  is  in  fa c t o ften  assumed 
a p r io r i  th a t th is  cond ition  is  s a t is f ie d  fo r  s o ils ,  
and p la s tic  p o te n t ia l surfaces determined from the 
p la s t ic  s tra in  increment d ire c tio n s  are employed as 
y ie ld  surfaces fo r  the p la s t ic  s tre s s -s tra in  re la tio n s .

Based on the re s u lts  from the te s ts  on Monterey No. 0 
Sand and Grundite C lay, the d ire c tio n s  o f  the s tra in  
increment vectors re la t iv e  to  the fa i lu re  surfaces 
are stud ied below. I f  the norm a lity  cond ition  is  
f u l f i l l e d ,  the p e rtin e n t s tra in  increment vectors are 
perpendicu lar to  the traces o f  the fa i lu re  surfaces in  
a t r ia x ia l  plane, and the p ro je c tio ns  o f the s tra in  
increment vectors on an octahedral plane are perpendic­
u la r  to  the trace  o f the fa i lu re  surface in  th is  plane. 
The magnitudes o f the s tra in  increment vectors are 
irrenaterial to  the question o f  n o rm a lity . O ily  the 
d ire c tio n s  o f the s tra in  increments a t fa i lu re  w i l l  
be considered, because norm a lity  concerns only 
p la s t ic  s tra in s , and by d e f in it io n  a l l  s tra in  inc re ­
ments are p la s t ic  a t fa i lu re .

T r ia x ia l Plane. -  The d ire c tio n s  o f  the s tra in  inc re ­
ment vectors measured a t fa i lu re  fo r  loose and dense 
Monterey No. 0 Sand and fo r  Grundite Clay are shown 
in i t ia t in g  from the respective fa i lu re  po in ts  on the 
t r ia x ia l  plane in  F ig . 1. Since Z2 = £3 In  compression 

and 2̂ = in  extension, the corresponding s tra in  

increment vectors are contained in  the t r ia x ia l  plane. 
Because the vo lum etric s tra in  is  zero in  undrained 
te s ts , the s tra in  increment vectors are perpendic­
u la r  to  the hydro s ta tic  ax is  and they are the re fo re  
contained in  the octahedral planes corresponding to  
the respective  fa i lu re  p o in ts , as shown fo r  the 
Grundite Clay on F ig . lb .  The s tra in  increment vec­
to rs  are not perpendicu lar to  the fa i lu re  surfaces 
obtained fo r  sand and fo r  c lay in  compression and 
extension. The norm ality  cond ition  is  the re fo re  not 
s a t is f ie d  when the s o il  behavior is  in te rp re te d  in  
terms o f  e ffe c tiv e  stresses.

In te rp re ta tio n  o f  the undrained behavior o f  saturated 
s o il  a t a given vo id  r a t io  in  terms o f to ta l  stresses 
leads to  fa i lu re  surfaces whose traces in  a t r ia x ia l  
plane are p a ra l le l to  the hydro s ta tic  a x is . The s tra in  
increment vectors would be perpendicu lar to  these 
traces , and the norm ality  cond ition  would be f u l f i l l e d  
when the to ta l  stress fa i lu re  surface is  used. There 
are d e f in ite  advantages in  re ta in in g  the norm ality 
cond itio n  fo r  the purpose o f  s in p lify in g  the analysis 
procedures fo r  s o i l  s truc tu res  (Prévost and Hoeg,
1975). However, the s tra in s  (d ire c tio n  and magnitude) 
are co n tro lle d  by e ffe c tiv e  stresses ra th e r than to ta l  
stresses, and y ie ld  c r i te r ia  and p la s t ic  p o te n tia l 
functions should the re fo re  be expressed in  terms o f 
e ffe c tiv e  stresses. In  a d d itio n , only one fa i lu re  
surface is  obtained fo r  e .g . norm ally consolidated 
clay under undrained cond itions when the behavior is  
in te rp re te d  in  terms o f e ffe c tiv e  stresses. D iffe re n t 
to ta l  s tress  fa i lu re  surfaces would have to  be employed 
fo r  the same s o i l ,  because the undrained strength  
increases w ith  Increasing conso lida tion  pressure.

Octahedral Plane. -  The p ro je c tio ns  o f  the s tra in  
increment vectors on octahedral planes are shown in  
F ig . 3. Because o f  symnetry around the p r in c ip a l 
stress axes, only one s ix th  o f  the planes are shown. 
Since the vo lu n e tr ic  s tra in  is  zero in  undrained 
te s ts , the s tra in  increment vectors fo r  the Grundite 
Clay shown in  F ig . 3b are contained in  the respective  
octahedral p lanes. The p ro je c tio n s  o f  the s tra in  
increment vectors are very nearly Derpendicular to  the 
traces o f the fa i lu re  surfaces in  the octahedral 
planes fo r  loose and dense sand and fo r  remolded c lay . 
Only a few o f the vectors a t interm ediate values o f  b 
devia te s l ig h t ly  from p e rp e n d icu la rity . The magni­
tudes o f these devia tions are so small th a t they could 
even be due to  experimental inaccuracies.

I t  is  c le a r from these re s u lts  th a t the cond itio n  o f 
norm ality  is  s a t is f ie d  o r very nearly  s a t is f ie d  in  
the octahedral p lanes, but not in  the t r ia x ia l  plane, 
and i t  is  the re fo re  not f u l f i l l e d  in  genera l. Accord­
ing  to  the d ire c tio n s  o f  the s tra in  increment vectors 
shown in  F igs. 1 and 3, the p la s t ic  p o te n t ia l surfaces 
should have cross-sections s im ila r  to  those o f  the 
y ie ld  surfaces and they should be in c lin e d  to  the 
hydro s ta tic  ax is  a t angles sm alle r than those between 
the y ie ld  surfaces and the hydro s ta tic  a x is . A p las­
t i c  p o te n t ia l fu n c tio n  whose shape in  s tress space has 
these p rope rties  was suggested by Lade and Duncan 
(1975) fo r  cohesionless s o i l .  I t  is  in te re s tin g  to  
note th a t sand and norm ally consolidated, remolded 
c lay  are characterized by very s im ila r  behavior pat­
te rns a t fa i lu re ,  and th a t the above conclusions 
apply equa lly  w e ll to  both s o il  types. Thus, i t  is  
l ik e ly  th a t the basic framework fo r  s tre s s -s tra in  
models developed from concepts o f  D la s t ic ity  theory 
should be s im ila r  fo r  sand and fo r  norm ally conso li­
dated, remolded c lay .

COMPARISON WITH PREVIOUS STUDIES

In ve s tig a tio n s  o f  the in fluence  o f  the  interm ediate 
p r in c ip a l s tress on the fa i lu re  cond itions  in  sand and 
c lay have been performed p rev io u s ly . The re s u lts  o f  
these stud ies are b r ie f ly  reviewed on the basis o f  the 
concepts o f  the  fa i lu re  c r i te r io n  and the p la s t ic  
p o te n t ia l as used here.

Sand. -  The behavior o f  sand under three-dim ensional 
load ing  cond itions has been reviewed prev ious ly  (lade 
and Duncan, 1973, 1975) and i t  w i l l  not be repeated 
here. However, i t  should be mentioned th a t te s ts  per­
formed by Poorooshasb e t a l .  (1966) and Ko and Scott 
(1968) showed th a t the  s tra in  increment d ire c tio n s  
were not perpendicu lar to  the fa i lu re  surface in  the 
t r ia x ia l  plane. Goldscheider and Gudehus (1973) 
demonstrated th a t the p ro je c tio n  o f the s tra in  in c re ­
ment d ire c tio n s  on octahedra l planes were perpendicu lar 
to  the traces o f  the fa i lu re  surfaces in  these planes. 
These re s u lts  are in  agreement w ith  those presented 
here.

Clay . -  Studies o f  fa i lu re  in  norm ally consolidated 
clays have re su lte d  in  d if fe re n t conclusions. Tests 
performed by Wu e t a l .  (1963), Pearce (1971), and 
Yong and McKyes (1971) ind ica te d  th a t the  Mohr-Coulomb 
c r i te r io n  adequately characterizes fa i lu re  in  c lays . 
Shibaba and Karube (1965) and Yong and McKyes (1967) 
found th a t the e ffe c tiv e  f r ic t io n  angles in  t r ia x ia l  
conpression (b=0) and extension (b= l) were s im ila r  in  
magnitude, but f r ic t io n  angles fo r  interm ediate values 
o f  b were h igher than those fo r  b=0 and b = l. Thus, 
the traces o f  the experim ental fa i lu re  surfaces in  •
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MONTEREY NO.  O SAND

A ~  LOOSE SAND (e = 0.78) 

□  ~DENSE SAND (e = 0.57)

(b) GRUNDI TE CLAY

O ~ a'c = 1.00 kg/cm2 
A ~ a'c = 1.50 kg/cm2 
□  ~ a'c = 2.00 kg/cm2

If = 5. 00 kg/crr)2

If = 4. 95 kg/ cm2 

l-j = 3. 65 kg/ cm2 

11 = 2. 43 kg/ cm2

STRAI N I NCREMENT 
VECTOR

FAI LURE SURFACE

PROJECTI ON OF 
STRAI N I NCREMENT <t>'= 28 
VECTOR

FAI LURE SURFACE

Fig. 3 Directions of Projections of Strain Increment Vectors 
on Octahedral Plane for (a) Loose and Dense Monterey 
No. 0 Sand and (b) Grundite Clay.

octahedral planes were curved and circumscribed the 
Mohr-Coulomb failure surfaces. Vaid and Campanella 
(197^) presented effective friction angles from 
undrained tests in plane strain and tr ia x ia l exten­
sion which were higher than those obtained from t r i ­
axial compression. Only the strength results from 
the la tte r  study can be described by the failure  
criterion in Eq. 1.

The strain increment directions from the investiga­
tions by Yong and McKyes (1971) and Vaid and 
Canpanella (197*0 were perpendicular to the traces of 
the failure surfaces in octahedral planes. However, 
different failure surfaces were found in these 
studies.

Because some ambiguity existed regarding the behavior 
of normally consolidated clays at fa ilure, the study 
of Grundite Clay presented above was undertaken. The 
results of this study tend to support the results 
presented by Vaid and Campanella (197*0.

CONCLUSIONS

The conditions prevailing at failure in sand and in  
normally consolidated, remolded clay have been 
studied on the basis of results of tr iax ia l compres­
sion and extension tests and tests with three unequal 
principal stresses. The influence of the inter­
mediate principal stress on the effective strengths 
of both soils is  modeled quite well by a failure 
criterion expressed in terms of the f irs t and the 
third stress invariants, and the behavior character­
istics at failure are shown to be very similar for 
the two soil types. However, different failure sur­
faces are obtained for sand with different in it ia l

void ratios, whereas only one failure surface is pos­
sible for normally consolidated clay. Ihe test 
results from both soils indicate that the yield c ri­
terion and the plastic potential should be different 
when the soil behavior is interpreted in terms of 
effective stresses. The basic framework for stress- 
strain models developed from concepts of plasticity  
theory should be similar for sand and for normally 
consolidated, remolded clay.
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