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The effective Shear Strength Parameters of Sensitive Clays

Les paramètres de la résistance au cisaillement des argiles sensibles au remaniement 

by L. B j e r r u m  N orw egian  G eotechnical In stitu te  B lindem  —  O slo

Summary

The author has given the ratio between undrained shear strength 
and effective overburden pressure in the late-glacial very sensitive 
clays of Scandinavia.

An attem pt is made to explain the low values observed in 
terms of effective stres. By analogy with recent tests on very 
loose sand and silt which lead to similar values of s jp ,  it is 
concluded that the angle 9 ' in sensitive clays is of the order of 
10°. This low value is confirmed by a recent in situ shear box 
test. The divergence of laboratory tests from this value is explain­
ed, and it is shown that in undrained tests on soils with an unst­
able structure, failure inay occur before friction is fully mobilized.

Introduction

In  recent vears m uch research has been carried  ou t in 

Sweden and  N orw ay concerning the stab ility  o f  na tu ra l 

slopes in  the late-glacial sensitive clays w hich cover large 

areas o f the industrialized  districts o f  bo th  countries. These 

investigations involve the determ ination  o f the effective 

shear strength  param eters, and  it soon  becam e apparen t 

th a t there is a  serious discrepancy betw een the values o f these 

param eters found  by conven tional labo ra to ry  tests and  the 

m uch low er values w hich are requ ired  to  explain  bo th  the 

“ in situ” undrained  shear streng th , as observed for instance 

from  vane tests, and  the occurrence o f extensive landslides 

in relatively  flat slopes. This problem  has been discussed in 

papers by K j e l l m a n  (1954), O s t e r m a n  [1960], K e n n e y  (1959), 

B i s h o p  and  B j e r r u m  (I960) and  B j e r r u m  and  S i m o n s  (1960).

The au th o r has investigated this problem , in the light 

o f som e recent research results ob tained  a t the N orw egian 

G eotechnical Institu te . Som e possible exp lanations are put 

fo rw ard  as a prelim inary  basis for further discussions 

and  investigations.

The Discrepancy between in situ and Laboratory shear Strength

Parameters

Fig. 1 shows the results o f a series o f vane tests on a typical, 

norm ally  conso lidated  highly sensitive clay together w ith a 

tabu lation  o f the geotechnical properties o f tha t clay. The 

clay — w hich in N orw ay is referred to  as a “ quick c lay” —  is 

characterized by a  very low p lasticity  (i.e. a  low activ ity), a 

high sensitivity  and  a very low undrained  shear strength 

(see e.g. B j e r r u m ,  1954). As is typical for norm ally  consoli­

dated clays, the undrained  shear strength  increases m ore or 

less linearly  w ith depth. The ra tio  o f the undra ined  shear 

strength to  effective overburden  pressure, s j p ,  is thus app rox i­

m ately constan t. In  this clay  deposit its value varies from  

0-10 to  0-14, w ith an average o f 0-12-

It has been appreciated  for som e tim e th a t the ¿„//»-ratio 

of norm ally  consolidated  m arine clays can be correlated  w ith

Sommaire

L’article traite du rapport entre la résistance au cisaillement 
à teneur en eau constante et la pression efficace dans les argiles 
scandinaves post-glaciaires, très sensibles : on a essayé d’expli­
quer les valeurs basses relevées, en se basant sur les tensions 
efficaces. En faisant une comparaison avec les résultats d’essais 
récents effectués sur du sable meuble et du limon, essais don­
nant pour s jp  des valeurs analogues, on a tiré la conclusion 
que 9 ' dans l’argile fluide est de l’ordre de 10°. Cette valeur 
basse se trouve confirmée par des essais récents effectués in situ 
avec ceux de laboratoire est expliquée, et la preuve est donnée 
que la rupture dans des essais non drainés sur des terres à struc­
ture instable, peut se produire avant que le frottement soit entière­
ment mobilisé.

Fig. 1 Results of vane tests in a typical quick clay.

Résultats d’essais effectués à l’aide d’appareils à  palettes 
dans une argile fluide typique.

their plasticity index and  in Fig. 2 a this re lationship  is show n 

fo r the low -plastic N orw egian clays and  for som e clays in 

o ther countries.

The undrained  shear strength  is a  function  of the effective 

stresses on the failure plane and  the effective shear strength  

param eters c and  cp', the cohesion term  c being zero in n o r­

m ally consolidated  clay. In o rder to  write an  expression for 

undra ined  shear strength  it is necessary to in troduce the 

initial stresses under which the clay  was consolidated  and  the
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(b) Top: Comparison of ç '-values measured directly 
in consolidated undrained triaxial tests on nor­
mally consolidated intact samples with those 
calculated from the j u//>-values, both plotted 
against plasticity index.

(a) Bottom: Ratio of undrained shear strength and 
effective overburden pressure in norm ally con­
solidated clays plotted against plasticity index.

En haut : Comparaison entre les valeurs <p' mesurées 
directement aux essais triaxiaux consolidés, à teneur 
en eau constante, effectués sur des échantillons in­
tacts, normalement consolidés, et les valeurs calculées 
d’après les valeurs s jp .

En bas : R apport entre la résistance au cisaillement à 
teneur en eau constante et la pression efficace dans 
des argiles normalement consolidées.

p o r e  p r e s s u re  p a r a m e te r  A  ( S k e m p to n ,  1954). I f  th e  in i t ia l  

s tr e s s e s  a r e  a i =  p  a n d  a n  = a m  =  Kj?a n d  th e  c la y  fa ils  

in  c o m p r e s s io n ,  it c a n  b e  s h o w n  th a t

s j p  =
( K  - f  (1 — K) A f) sin 9 '

1 +  (2A — 1) sin cp'
0 )

E xperience has show n ( A n d r e s e n  and  B j e r r u m ,  1957) 

th a t the results o f vane tests and  unconfined com pression 

tests on good, und istu rbed  sam ples agree very closely. I t is 

believed therefore th a t equation  ( 1) represents the theoretical 

relationsh ip  betw een the “ in situ” undra ined  shear strength  

and  the effective shear strength  param eter 9 '.

U nder field conditions where there is no la teral yield, the 

coefficient o f earth  pressure K  in equation  (1) will be equal 

to  K 0, the “ a t rest” value, which is know n to  be approxim ately  

equa l to  1 —  sin 9 ' (B is h o p ,  1958, S im o n s , 1958). T he value 

o f A f has been m easured in the triax ial appara tu s on a large 

num ber o f sam ples o f sensitive clays ( B j e r r u m  and  S im o n s , 

1960). In  quick clays, values as high as 1-5 —  2-2 have been 

observed. These values are believed to  be represen tative of 

the “ in situ” conditions for the type o f clay  show n in Fig. 1. 

F o r low values o f 9 ' how ever, the relationsh ip  between

s j p  and  9 ' in equation  ( 1) is no t very sensitive to  a change 

in A f .
. Pu tting  K =  1 —  sin 9 ' and  Af  =  1-5 —  2-2 it is now 

possible to  com pute the values o f 9 ' w hich correspond  to  the 

observed “ in situ” values o f s jp .  F o r s j p  =  0T 2 , 9 ' will 

lie between 6° and  8° fo r an  A f  range from  1-5 to  2-2. Fig. 2 b 
shows the results o f com putations o f 9 ' for various values 

o f  s j p  assum ing Af =  2-0, the values being p lo tted  as a 

function  o f the plasticity  index. In the sam e figure are  also 

p lo tted  the values o f 9 ' observed in conventional triaxial 

tests on  und istu rbed  sam ples. The com parison shows th a t the 

friction  angles com puted from  the in situ undrained  shear 

streng th  o f the low plasticity  clays are very m uch sm aller 

than  those found  from  labo ra to ry  tests, the difference increa­

sing w ith decreasing plasticity  index. The typical quick clay 

show n in Fig. 1 w ith a s j p - value o f  0T 2  and  a com puted 

9 '-value of 6° —  8° m ay thus give cp'-values o f 25° —  32° 

w hen tested in the triaxial apparatus.

The discrepancy betw een the m easured 9 '-values and  the 

values com puted from  the undra ined  shear strength  is very 

large. This m ay m ean th a t o u r concept o f  undra ined  shear 

streng th  as expressed in equation  ( 1) is erroneous or th a t the 

low  values o f 9 ' result from  progressive failure. A  th ird  

possibility  is th a t the high values o f the m easured friction 

angle result from  reconsolida tion  follow ing upon  sam ple 

disturbance in these very sensitive low plastic clays.

Similiarities between quick Clay and Loose sand

A  possible answ er to  these questions can  be found  by 

com paring  the p roperties o f quick clay  w ith those o f  a loose, ■ 

fine sand. In  a paper to this conference (B jerrum , K ringstad  

and  K um m eneje) a series o f triax ial tests on  a loose, fine 

sand  is described in w hich the ratio  o f the und ra in ed  shear 

strength  to  the effective conso lidation  pressure was found  

from  consolidated  undrained  tests to  be o f the o rder o f 0-12 — 

0-15 fo r the sam ple w ith the highest porosity . These values 

are thus very sim ilar to  the in  situ values observed in  the 

quick clays.

In  add ition  these tw o types o f soil show several o ther 

sim ilarities. In  the field the “ flow slides” occurring in saturated  

loose sand deposits are alm ost identical in developm ent 

and  shape w ith the landslides in quick clay. T he sensitivity 

o f the two m aterials is extrem ely  high. Tested in  their und is­

turbed  state bo th  types o f soil show  a surprisingly  low strain  

a t failure. The values o f the pore pressure param eter A f 
m easured in undrained  shear tests are also o f the sam e order.'

Supposing th a t the sim ilarities betw een loose, fine sand 

an d  sensitive clays o f low plasticity  can be extended also to 

the effective shear strength  param eters, the low values o f  the 

ra tio  o f the undrained  shear strength  to  effective overburden 

observed in the quick clays can be expected to  result from  

a 9 '-value o f the order o f 8° — 10°, w hich is in reasonable 

agreem ent w ith the values deduced from  equation  (1). The 

com parison o f sensitive clays w ith the loose sand thus leads 

to  the conclusion th a t equation  ( 1) m ay  well be a  correct 

expression for the undrained  shear streng th  o f  quick clays, 

the 9 '-values derived from  triax ial testing being too  high.

T he tests on  loose sand  m ay furnish  an  exp lana tion  for the 

serious discrepancy betw een a field value o f  9 ' o f the o rder 

o f 10° and  the value o f 28° —  32° ob tained  from  triaxial 

tests on undisturbed  sam ples o f quick clay. T he tests on  the 

loose sand  show th a t the value o f 9 ' decreases very rapidly  

above a certa in  value o f the porosity . A n increase in porosity  

o f less th an  1 per cent results in a reduction  o f 9 ' o f m ore 

th an  10°. This finding suggests th a t tests on  reconsolidated 

sam ples o f sensitive m aterial m ay lead to a serious overest­

im ate o f the friction angle even w hen the sam ples are so little 

d isturbed th a t the volum e reduction  caused by the reconsoli­

dation  is small.
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T able I shows the observed da ta  from  experim ents on 

very loose fine sand  and  the corresponding data  which are 

believed to  be valid for quick clay. R esults o f a few tests 

carried ou t on a very loosely deposited silt are also included. 

A  com parison o f the da ta  in T able I shows th a t these three 

m aterials, all o f which have an  extrem ely loose structure, 

show surprisingly sim ilar properties and  cp'-values o f the 

sam e order.

Table I

D ata for some soils with unstable structure

Type o f soil SuIP K0 A, ? ' per
cent

Loose fine sand 0-11 0-70 2-5 12» 0-40
Loose silt 013 0-65 1-7 11» 014
Quick clay 010 0-75* 2-0* 10” 7

Cl-5- (25°-
2-2) 32»)

Test No.

Dimensions
a

kg
T/
kg

9 a

a*
appr. +  a

Cross- 
section 
in cm2

Thickness
cm cm2 cm2

In situ 3 2500 110 1-48 0-233 8-8° 15» 24»

In situ 4 2500 8-5 1-39 0-262 10-5° — —■
Lab. 3 400 8-5 1-31 0-305 13-2° 11» 24»

Properties o f clay  : 

w =  40-44 per cent 

w l  =  29 per cent wp =  21 

<p' from  triaxial tests 25°.

The a  - Effect in Drained tests

per cent In =  8 per cent

* E stim ated  values. V alues in brackets represent resu lts o f  labo ra to ry  tests 
o n  good  und is tu rbed  sam ples.

Drained shear box tests on a quick Clay

The above conclusions advanced above are supported  by 

th e  results o f  a  series o f direct shear tests on a quick clay 

recently  carried  ou t in connection  w ith the investigation of 

a large landslide which to o k  place a t Furre  on  the river 

N am sen  in A pril 1959. The sliding took  place a long  a thin 

layer o f  quick clay  varying in thickness from  10 to  15 cms. 

This layer was exposed as a result o f the slide, rendering 

possible the carry ing  ou t o f som e in situ shear box tests. In  

add ition , a  few sam ples were tested in a large labo ra to ry  shear 

box. A ll tests were carried  ou t as drained  tests an d  the tim e 

used fo r app lication  o f the shear force varied from  ab o u t 

15 to  65 days.

The principle o f  the tests was the sam e as in  conventional 

shear box  tests. The dim ensions o f the shear boxes were 

m uch greater than  those norm ally  used. The quick clay  layer 

w ithin the shear box  was reconsolidated  under a  vertical load 

equal to  the effective overburden  before the slide.

T he friction angles obtained dividing the shear stress at 

failure by the norm al stress varied from  9° to  13°, the lowest 

values being observed in  the in situ tests. The in situ values 

are com parab le  to  the friction angle o f abou t 7° obtained  

from  analysis o f  the slide.

These drained shear box tests thus dem onstrate th a t the 

in situ value o f  the drained  friction angle in quick clay  cpd, 

is considerably  low er than  th a t found  by conventional triaxial 

tests and  m ay  have values which are  even lower than  10°.

Table II

Results of two in situ and one laboratory drained shear box tests 
on a quick clay

The above indicates clearly th a t the cp'-values in  a  very 

loosely deposited m aterial m ay be considerably low er than  

those observed from  conventional labora to ry  tests and  also 

essentially sm aller than  the values believed to correspond 

to  the physical friction between the m ineral grains. The 

explanation  o f these low cp'-values can  bs found  from  a 

study  of two factors which have no t h itherto  been considered 

o f any  im portance in soft clays.

The first factor con tribu ting  to a  reduction  o f cp' in soils 

w ith a loose structure will be called the a-effect and will be 

discussed below as it is m anifested in drained tests.

A ny shear deform ation  in a m aterial w ith a  loose structure 

will, under drained conditions, be accom panied by a volum e 

reduction . This implies th a t a p art o f the energy stored  in the 

unstable structure o f the soil is released, thus con tribu ting  to 

the overcom ing o f the shear resistance (see T a y l o r ,  1949 

and  B i s h o p ,  1954). In  such m aterials the apparen t friction 

angle m ay therefore be considerably  sm aller than  the physical 

friction between the grains. The conditions in the failure zone 

can be represented by the m odel show n in Fig. 3. The apparen t 

friction angle, cp', can  in general be expressed as the difference 

between a “ physical” friction cp0, and  a structural com ponent

?  =  ?o —  «■ (2)

a

C o n t r a c ta n c y  

a  >  0  

d u  .

de
!->0

No- vo lum e ch an g e 

a  = 0  

du

D ila ta n c y  

a< O

de

f  = to

tan a  = *

0 du <0

Fig. 3 Model illustrating the a-effect on the shear strength 
of materials.

Modèle représentant l’effet a sur la résistance au cisaille­
ment des matériaux à frottement (m atériaux sans 
cohésion).

I f  the strains parallel to  and  perpendicular to  the failure 

zone are 8 / / a n d  8 V respectively, we have

tan  a  =
8H

* a  com puted  by assum ing th a t ab o u t 50 per cent o f  the height o f  the  sam ­
ples takes p a r t in  the shear d e fo rm ation . In  con tracting  soils the angle a  is positive (Fig. 3 a), while in 

d ila tan t soils it is negative (Fig. 3 c).
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Because o f the n o n — uniform ity  o f stresses in triaxial 

sam ples the a-effect canno t be assessed from  the results 

o f this type o f test, a t least n o t for soils w ith loose structures. 

A  direct shear appara tu s recently  constructed  a t the N orw egian 

G eotechnical Institu te  enables a  th in  sam ple to  be subjected 

to  a  uniform  simple shear. T he sam ple, w hich has a height 

o f 15 m m  and  a  d iam eter o f 80 m m , is confined laterally  by  

a reinforced rubber m em brane so th a t the d iam eter o f any  

cross-section will rem ain  unchanged during shear. Fig. 4 

shows the results o f a drained shear test on a sand w ith a high 

porosity , n ~  48 per cent. The a-values are com puted from  

the observed vertical and  horizontal deform ations o f the 

sam ple. In Fig. 4 they are added  to  the directly  m easured 

values o f <pd. F rom  this figure it can  be seen th a t the a-effect 

reduces the friction angle by ab o u t 5-5°, and  as the directly 

observed cp ¿-value is 15-75° the test results bear ou t the 

im portance o f this factor for soils w ith a loose structure.

O 2  4  6  8  10 12 14 

H o rizo n ta ' d e fo rm a tio n  5 H in 7.

Fig. 4 The result of a drained direct shear test illustrating the 
a-effect.

Résultat d’un essai direct de cisaillement, effectué sur 
un échantillon drainé et m ontrant l’effet a.

A sum m ary o f three drained shear box  tests on  quick clay 

has been given in T able II . The ¿-values are o f the o rder 

o f 9° to 13°. F o r tw o o f these tests it was possible to  estim ate 

the a-values, taking in to  account th a t only  p art o f the 

thickness o f the sam ple in the shear box is involved in the 

shear deform ations. The a-values are  listed in T able I I  

and , if added to the directly observed cp^-values, give a 

cp0-value o f 24° for both  tests. This value is o f the same 

order o f m agnitude as th a t ob tained  from  triaxial tests on 

undisturbed  sam ples, viz. 25°, indicating  th a t the reconsolida­

tion  following sam ple d isturbance m ay destroy  the a-effect.

The a-effect is discussed above in rela tion  to  the drained 

shear strength. In  spite o f the fact th a t the a-effect in loose 

soils is entirely  dependent on a volum e reduction  in the shear 

zone, it is believed th a t an  analogous cond ition  also exists in 

an  undrained  shear failure if a  is positive. This is suggested 

by the close agreem ent between the friction angles observed 

in both drained and  undra ined  tests on loose sand if failure 

in the undrained  tests is defined as the po in t where the p rin ­

cipal stress ra tio  reaches a  m axim um  (see Fig. 11 in the paper 

by B jerrum , K ringstad  and  K um m eneje p resented  to  this 

conference). The agreem ent is, how ever, lim ited to  loose and 

m edium  dense sand. I t  is therefore unlikely th a t the a- 

effect affects the friction angle in undra ined  tests when a  is 

negative. A n investigation  o f this is a t p resent being carried 

ou t a t the N orw egian G eotechnical Institu te.

The a-effect is obviously  dependent on  the com pressibility 

o f the soil during shear. C onceivably, the com pressibilities o f 

a  deposit w ould vary  in different directions. P redom inance o f 

the a-effect is likely to  be found  on  failure p lanes w hich are 

perpendicu lar to  the d irection  o f th e  m axim um  principal 

stress. This possibility  is suggested by  a  com parison  o f  the 

friction  angles w hich can  be com puted  from  vane tests and  

those ob tained  from  an  analysis o f the extensive flake-type 

slides in flat slopes such as B ekkelaget, G o ta , G un to rp , etc. 

The friction  angles in the slightly inclined failure planes are 

5° to  10° low er th an  those com puted  from  the vane tests.

The degree of Mobilization of Friction in Undrained Shear 
Tests

A com parison of the cp '-values observed in  drained and  

undrained  tests on  loose sand has show n th a t those observed 

a t failure are  considerably  sm aller in undra ined  than  in  drained  

tests. T here is consequently  a second factor con tribu ting  to  

the low cp'-values w hich are inheren t in the low undra ined  

shear strengths m easured in  situ in  soils w ith a loose structure.

The effect o f this factor can  be seen from  a study  o f the 

varia tion  o f principal stress ra tio  during  und ra ined  triaxial 

shear tests on  loose sand as described in the paper by B jer­

rum , K ringstad  and  K um m eneje. These tests show  th a t the 

principal stress ra tio  still increases after failure, i.e. where 

eri — a m  reaches its m axim um . T he m axim um  value o f  the 

principal stress ra tio  is thus first reached a t a  stra in  w hich 

is 10 — 20 times the stra in  a t the peak value o f the dev iator 

stress. The m axim um  principal stress ra tio  represents the 

po in t o f m axim um  obliquity  o f  the resu ltan t force on the 

failure plane. A t this po in t the friction is fully m obilized. 

The sam ple fails before friction is fully m obilized because of 

the steady increase in pore pressure occurring in the loose 

sand tests. This increase in pore-pressure w ith increasing 

strain  causes a  reduction  in effective stress on  the failure 

p lane which surpasses the corresponding increase in m obilized 

friction w ith the result tha t a j  — a m  decreases.

T he tests on loose sand prove therefore th a t the friction 

angle observed a t failure in undrained  shear tests does no t 

necessarily represent its m axim um  value, and  the difference 

between the cp'-values found  by drained and  undrained 

tests results from  the friction being incom pletely mobilized 

in the undrained  sam ple.



The occurrence o f failure before the friction is fully m obi­

lized m ay readily  be dem onstrated  by  a consideration  o f 

C ou lom b’s equation . I f  a t a given stra in  the m obilized friction 

angle is <p'M the m obilized p a rt o f the shear strength is

t m  =  (a  -  u) tan  <p'u .

Failure will occur when

d x
=  0.

de

where e is the strain . Therefore.

dT, du
~  =  -  t  tan  «Pm +  ( < * - « )  — —  

de de  cos <p d s
=  0 .

O r, if the term  (a  —  it) the effective stress on the failure plane, 

is called cr'^,

1 Au 1
(3 )

a'N de d s  sin cp'M cos <p'M

E quation  (3) shows th a t failure in  an  undrained test will only 

occur a t the po in t where the friction is fully mobilized

' W u

de

» du
o l . f d-  =  o,

i.e. if there is no change in po re  pressure w ith strain . D epending 

d;<
on w hether —  is positive o r negative, failure will occur 

de

respectively before o r after the friction is fully mobilized *.

A n illustration  o f the im portance o f  this factor is given 

in Fig. 5 w hich shows the result o f an  undrained  (constan t 

volum e) direct shear test on a loose sand. In  the figure the 

observed values o f the shear stress and  the reduction  in 

effective no rm al stress are p lo tted  against the shear strain . 

The friction m obilized a t any  stra in  is also calculated and  it 

can be seen th a t the sam ple failed w hen on ly  45 per cent 

o f  the to ta l friction  was effective. I t is o f interest to  no te  th a t 

the failure occurred exactly  a t th a t strain  where equation  (3) 

is satisfied.

A m ore general p ictu re  o f the relative im portance of this 

factor is show n in Fig. 6 which presents an in terpre tation  

o f the results o f a  series o f consolidated  undrained  tests on  a 

sand deposited w ith various porosites. F o r each test, the 

friction angle a t failure (i.e. m ax. a i—a m )  <p' was com pared 

w ith the m axim um  friction angle c¡/max determ ined from  the 

peak value o f p rincipal stress ratio  and  the degree o f m obil­

ization, D m ,  was com puted according to  the definition

D m

tan  <p'

tan  <p nia:

T he degree o f m obilization is p lo tted  against the porosity  

in Fig. 6 where it can be observed tha t the degree o f m obil­

ization a t failure is 100 per cent only  fo r the m edium  dense 

sand. In  the very dense sand, where negative pore pressures 

are set up, failure occurs after the peak o f the principal stress 

ra tio  is reached. A  reduction  o f the cp'-value has therefore 

taken place and  the degree o f m obilization is o f the o rder o f 

90 - 95 per cent, decreasing w ith decreasing porosities. In 

loose sand the degree o f m obilization decreases rap id ly  w ith 

increasing porosity  and  values as low as 50 per cent have 

been observed.

The close sim ilarity  in behaviour betw een the loose sand 

and the quick clays is discussed above. The discussion reveals

*) It can be shown that d/i/ds is a function of a, which describes the 
volume change-strain relationship under drained conditions (see Fig. 4).
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Fig. 6 The degree of mobilization of the friction at failure in 
consolidated undrained triaxial tests on a fine sand.

Degré de mobilisation du frottem ent au moment de la 
rupture dans des essais triaxiaux, à teneur en eau 
constante, sur du sable fin.

th a t it is o f great im portance in a study of the undrained  shear 

strength  o f sensitive clays to  bear in m ind th a t the friction is 

n o t necessarily fully m obilized in an undra ined  failure. This 

finding helps to  explain som e of the discrepancies when 

undrained  shear strength  is used for analysing slides in natu ral 

slopes in sensitive clays ( B j e r r u m  and  K j a e r n s l i ,  1957).

Fig. 5 The result of a constant volume direct shear test illustrat­
ing tha t failure occurs before the friction is fully mobi­
lized.

Résultat d’un essai direct de cisaillement, effectué sur 
un échantillon à volume constant et m ontrant que la 
rupture se produit avant que le frottem ent soit entière­
ment mobilisé.
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Conclusions

The m ethods com m only  used for the determ ination  o f the 

apparen t friction angle, 9 ', o f a norm ally  consolidated , very 

sensitive clay in term s o f effective stress are :

(a) F rom  conventional triaxial tests on undisturbed  sam ples 

in the laboratory .

(b) F rom  in situ vane tests.

(c) F rom  stability  analysis o f an actual slide.

(d) F rom  direct shear tests in the labo ra to ry , o r in situ 

if field conditions perm it.

It has been found  th a t n o t all o f these m ethods give the 

sam e value o f 9 '. A n a ttem pt has therefore been m ade by the 

au th o r to  decide w hich value should be used in  practical 

problem s. The ten tative conclusions reached are  listed below :

1. The 9 '-values in soils w ith a loose structu re  are 

considerably  sm aller than  believed hitherto . In  sand and  silt 

values as low as 10 - 11° have been m easured. I t  is believed 

th a t in very soft quick clays the cp'-values are o f the o rder 

o f 5 - 10°.

2. Tests on  sand show th a t there is a  very rap id  decrease in 

angle o f friction <p' w hen the porosity  exceeds a  certain  value. 

This suggests tha t the inflated cp'-values (25 - 32°) given 

by conventional labo ra to ry  tests on  quick clay  sam ples are 

the result o f reconso lida tion  follow ing sam ple d isturbance 

causing a change in the soil properties.

3. A possible w ay o f m easuring the correct values o f 9 ' in 

very sensitive clays is by sim ple direct shear tests on relatively 

th in  und istu rbed  sam ples reconsolidated  a t the sam e effective 

pressure as th a t existing in  natu re . Tw o large-scale in situ 

tests and  one labo ra to ry  test, all o f w hich were carried  ou t 

under drained conditions, gave cp¿-values for a quick clay 

varying from  9 - 13°.

4. I t is suggested th a t the occurrence o f low cp'-values 

can be pa rtly  ascribed to  a  collapse o f soil structure during 

the shearing process in w hich energy is released to  assist in 

overcom ing the shear resistance. I t  is believed th a t the sam e 

fac to r causes a  reduction  in  9 ' in  undra ined  as well as in d ra i­

ned tests. T he d im inution  in the friction angle will probably  

vary  in the field w ith the direction o f the failure plane. The 

m inim um  value o f 9 ' is thought to  exist for failure planes 

perpendicu lar to  the d irection o f the m ajo r principal stress.

5. In  an  und ra ined  shearing process in soils w ith loose 

structure it m ay be expected th a t failure will occur a t a  strain  

where the to tal available friction  is n o t fully effective. This is 

a consequence o f the fact th a t the increase in pore  pressure 

w ith increasing strain  m ay cause a  decrease in  shearing 

resistance, as a result o f the d im inished effective stress, which 

exceeds the the sim ultaneous increase o f shearing resistance 

due to  the m obilization  o f add itional frictional force.
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