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CHAPTE~ I INTRODUCTION 

101 General Description of Stress-Strain-Strength Properties 

of Cohesive Soils 

1.1.1 Introduction 

Explication of various phenomena concerning the deformation 

and failure of cohesive soils is essential to tackle the important 

practical problem.s such as bearing capacity, earth pressure and 

stability of slope o Therefore, a large number of theoretical 

and experimental investigations on this subject have been done 

so far. However, since the mechanical properties of soil are the 

most complicated ones in the engineering material, it is not easy 

to give the entire picture of the properties o 

In this chapter, the major factors which affect the 

stress-strain-strength properties of cohesive soils and the scope 

of this thesis will be outlined. Previous investigations concern

ing these subjects will also be summarized. 



1.102 ;'iajor factors controlling the shear strength of cohesive 

soil 

As it goes without saying that the type of soil gives great 

influence on the mech~~ical properties of soil, the density of a 

given soil has the most important influence on the shear strength of 

the soil. The fact that the greater the density, the greater the 

shear strength can intuitively be accepted. Water content of a soiJ 

is also important in relation to the drainage condition during shear. 

structure of a soil is another important factor comparable to the 

density. 
.r 

Defining the effective stress ~ in addition to the type 

of soil, density, water content and structure, the shear strength 

of soil Tt can be represented as follows ( Hikasa, 1962 and 

1964 ). 

/ '1f == F1 ( type of soil , density, water content, soil structure, 0- ) 

.r 

() == F.2 ( type of soil, density, water content, soil structure ) 

These equations are considered to be fundamentals representing 

shear strength of soils. 

2 



1.1.3 Drainage condition and stability a.nalysis 

As mentioned previously, the shear strength of soil depends 

greatly upon the densityo When the void of soil is filled with 

water, very much time is required for the soil to change its volun1.e, 

especially in cohesive soil o Therefore, the stress-strain-strength 

properties of soil vary greatly depending on the drainage condition 

during deformation. 

According to the fact mentioned cebove, laboratory shear tG~,,;ts 

of soil have been performed under one of three types of standard 

drainage condition which is regarded approximately close to the 

drainage condition in situ. These sta.ndard test conditions are as 

folloVlso 

(1) Unconsolidated Undrained (UU) Test; Drainage is not permitted 

during every stage of test. 

(2) Consolidated Undrained (CU) Test; Specimen is first 

consolidated and then sheared under undrained condition. 

(3) Consolidated Drained (cn) Test; Specimen is first 

consolidated and then sheared under drained conditiono 

Selection of the drainage condition among these will be 

connected to \'fhat kind of method of stability analysis outlined in 

the follO\'ling section is ap:9ropriate to the in situ drainage condition. 

3 



a) Short term stability analysis 

Examples of typical situations in this type of analysis 

are such as the ero.bankment constructed or strip loading placed 

rapidly on soft clay deposit. In these cases, practically little 

drainage takes place during loading, and hence the drainage condition 

is similar to that in UU test. The shear strength used in stability 

analysis in such cases is the in situ undrained shear strength 

that has existed before construction. 

b) Long term stability analysis 

Exar.1ples of this case are such as erllbankment constructed 

very slowly in layers over a soft clay deposit or earth dam with 

steady state seepage. Since there develop no excess pore pressure 

\'lithin the clay layer in such situations, the drainage condition is 

similar to that in CD test. The shear strength used in those cases 

is the in situ drained shear strength of the soil. 

In situ drained strength is determined from the effective 

strength parameters ( ive. the cohesion intercept Cd a....Yld angle 

of shear resistance ) and the values of effective 110rElal 

stress acting along the potential failure surface o In order to 

estimate the effective normal stress, the magnitude of pore pressure 

is needed. Usually, pore pressure corresponding to the ground water 

table or stea.:ly state seep9.ge is use,::', 0 strength p9.rarneters Cc/ 

and o.2.'e obtaine6. frot::. CD tests, which al'e tirn.e consw:1ing and 



tedious. Fortunately, it has been found experimentally that the 

values of Cd and ¢21 from CD tests are almost equal to the values 

of C / and ¢/ from CU tests (Bjerrum and Simons, 1960). Therefore, 

CU test is often used in stead of CD test in order to obtain stren-

gth parameters for long term aYlalysis. 

c) Intermediate term stability analysis 

In such a case that additional load is rapidly applied to the 

clay layer which has already been consolidated, there are tVlO methods 

of analysis correspond to these situationso 

One method is to use the undrained shear strength Su corres-

ponding to the clay layer that has been consolidated under the exist-

ing stress prior to imposition of the additional load. 

Another method is to use effective strength parameters 

p' vIi th the estimation of pore pressure. As in the long term ana

lysis, the value of pore pressure is ta~en as steady state seepage 

or that corresponding to the ground water table. In this approach, 

tacit assumption is made that there does not occur further change in 

pore pressure, and hence in e ffecti ve stress \'fi th additional loading" 

As desc~ibed above, shear strength parameters, drainage condi-

tiol1 and stability aYlalysis are closely connected with one another. 

From the results of a series of CT] test rfith Dore "-'later pressure 

c:easureElent on saturated clay, rate of change in undrained strength 

Su due to consolidation and effective strength pararneters c/ and 

cp' C8.n be obtained. Since the consolic.aticn condition and stress 

5 



system in conventional laboratory elJ test are not alvrays the sa::le 

to those in situ, the valid_ity of tile strength parameters obtained 

fro!:'l CD test needs to be .checked, particularly from the standpoint 

of the stress history and stress system. Therefore, the investiga-

tion of the influence of stress history a:.<1d stress system during 

consolidation and shear on the magnitude of strength parameters is 

one of the nlOst important su-ojects of this study. 

6 



1.1.4 3asic requirements for predicting in situ stress-strain

strength properties of cohesive soils 

In order to [lake successful stability cmalysis, accurate pre

diction of stress-strain strength properties of soils is needed .. 

To do so, it is essential to perform the laboratory shear tests that 

duplicate the in situ conditions, i.e. the following two requirements 

must be fulfilled. 

(1) Obtain samples having the same properties as the in situ soils 

,Strl.ctly speaking, it is imperative that anv soil sar.::.ples for 

laboratory shear tests have the same properties e.s those in situ. 

Namely, the density, water content, effective stress, soil structure 

etc. should be the same. Following factors must be examined. 

a).Sample disturbance 

In order to obtain strength paraL'leters in situ for a soil by 

laboratory shear test, sar..'lple is first removed from some depth of 

the groUl'ld by block sampling or thin wall tube sanlpling, and then is 

brought to the laboratory. After storing, it is trimmed and finally 

mounted in the shear test apparatus. During these processes, the 

saElple is subjected to inevitable disturbance due to the in situ 

stress release, end rnechanical disturbe11ce due to trimming and moun-

ting (Sl~empton a:.rld Son2~, 1;;63 eJ1d Ladd and Lambe, 1963) 0 

b) Stress level and stress system during consolidation 

Generally, in situ clay elei::.ent is consolic'.ated u~lder cmisotro~)ic 

7 



stress condition, i.e. the vertical stress on the element is not 

equal to the horizontal one. Since the magnitude of preshear con

solidation pressure and the stress systeEl during consolidation give 

great influence on the stress-strain-strength properties of clay 

(Henkel,1960 and Henkel and Sov[a, 1963), not only the vertical stress 

but also horizontal stress in triaxial consolidation should be the 

same as those in situ. 

c) Aging effect 

It is well lL110VIn that clay soils undergo secondary consolida

tion under the constant effective stress after dissipation of the 

excess pore pressure. Clays which exhibit secondary consolidation 

generally gain in shear strength with time (Bjerrum, Simons and 

Torblaa 1958, and Bjerrum al1d Lo, 1963).. The effect of aging on 

stress-strain and stress path beh8.vioUl~ is even rnore pronounced 

(Ladd, 1971) .. 

d) Orientation of the sample 

If a clay soil has a difference in soil structure with direction, 

the stress-strain-strength properties of this clay exhibit anisotropy 

(Dunkan al1d Seed, 1966). This type of anisotropy is called "inherent" 

aYlisotropy in contrast to the llinduced ll aYlisotropy due to the stress 

systeEl. 

(2) Perfor~'il the shear test under the S8.me condition as nill be 

ir:liJosed in situ 

Ideally, the 8~e['.~" ""CeS""C3 ha'le to be done ll.no.er the Sc~;,le conditions 

8 



as those in situ. Namely, stress system and rate of strain etc. 

should be the same. Following factors have to be examined. 

a) Stress system 

stress systems typically encountered in the field are illust-

rated in Figl-l for a normally consolidated clay with Ko stress 

condition, where major principal effective stress 
, 

OJ ini tially 

acts in the vertical direction and intermediate and minor principal 
/ / 

stresses ()~ and GB ,respectivelY,act in the horizontal 

direction. Typical examples of stress systems during undrained sheer 

are as follows ( Ladd, 1971 )9 

Case (I) Under center line of a circular footing: 

The increase in the vertical stress is more them that in 

the horizontal stress and the directions of the principal stress 

remain unchanged. The applied stress system is symmetric with 

respect to the center line. Hence, the stress system is the same 
/ " as tri~{ial compression test ( CG = 0.3 ) 0 

Case (JI) Under center line of a circular exc avation: 

As the decrease in the vertical stress is more than that 

in the horizontal stress, the horizontal stress can finally exceed 

the vertical stress. If such circumst~Dces is brought in, the soil 

will be in a state of triaxial extension ( 
/ 

{)2 = 
/ 

(\ ) Hore-
vI • 

over, an interch~~ge of principal stress directions does occur since 

the major principal effective stress now acts in the horizontal 

direction. 

9 



Typical stress Systerns in the Field for a Normally 
Consolidated Clay 

(0) Under Centerline of a Circular Footing 

UWq 

AO'h 
-E-

O""hc=Ko crvc 
AOV>A()h 

(b) Under Centerline of Q Circular Excavation 

o 
I 

40h 
Ohc=Ko crv'c 

(c) Under Centerline of Q Strip Footing 

o 
I 

(d) BE-hind a Retaining WaH with Q Passive Pressure 

AOX 
~ ~<;:---

./I cr.~c~ Ko rIVe 

.,/lArry 

At Failure 

(triaxial compression) 

At Failure 

(}jf =CY;f 

(triaxial extension) 

At Failure 

CJif 

(plane strain -active) 

At Failure 

,03t 

~ Oi! lLlT 
02f 

(plane strain passive) 

Fig.l-l stress systems typically encountered in the field 

10 



Case (TIl) Under centerline of a strip footing: 

This case is sircilar to that of case (I), except that 
I 

/ 
~, 'which is inter-the increase in the longitudinal stress 

mediate principal stress GZ in this case, is larger than that 
I 

in the transverse stress OX ,which is minor principal stress. 

As the deformation of the soil in the longitudinal direction is 

almost equal to zero, the soil is in a plane strain active state 

with the major principal stress still acting in the vertical 

direction. 

Case (Iv) Behind a retaining VIall with a passive pressure 

This is another case of plane strain~ but with an interchsnge 

of principal stress directions, since the major principal stress 

noV! acts in horizontal direction. It is a plane strain passive case. 

b) Interchange of principal stress directions 

When the applied stress system causes an interchange of 

principal stress directions as described above, the soil structure 

developed during consolidation under anisotropic stress system 

must change itself in order to resist ne\'l direction of the principal 

stresses. Thus, the stress-strain-strength properties of the soil 

VIi1l be affected by the c:ccurrence of the interchange of principal 

stress directions. 

If a clay had been heavily overconsolidated under the 

Ko condition, the value of Ko is greater tha.'YJ. unity, i.e .. the 

hori:::~ontal stress is greater than the vertic8~ ,stress o Then, 

the cases (I) and (III) in the preceding article wou.ld have 

11 



exhibited an interchange of principal stress directions, namely 

major principal stress cr-/ would have acted in the horizontal 

direction prior to loading a~d thereafter in the vertical direction 
/ 

at failure. Conversely, (jj vwuld always act in a horizontal 

direction in the cases (]I ) and (Jj[)" 

c) Rate of strain 

There c&~ be no question about the fact that the increase in 

time to failure in triaxial test causes a decrease in undrained 

shear strength ( e.g. Casagrande and Wilson f 1951 )" According 

to the recent experimental data, the rate of strain affects not 

only the undrained strength but also the dilatancy characteristics 

of clay, &~d hence the accurate prediction of stress-strain-strength 

properties of cohesive soil cannot be accomplished without taking 

the time effect into consideration, i.e. rate of strain and consoli-

dation duration ( Kitago et al., 1980 ). 

In addition to the factors mentioned above, stress-strain-

strength properties of cohesive soils is influenced by the following 

factors such as temperature, pore fluid composition and cyclic 

loading. 

12 



102 Brief Review of Previous Investigations 

As mentioned previously, the prediction of in situ stress

strain-strength properties of cohesive soils is essential to the 

solution of the important practical problems. These properties are 

influenced by many factors, and hence there have been a large number 

of investigations on these problems o Since it is unable to summarize 

all the research papers on these subjects, a brief review on the 

following subjects which are relevant to the present study will be 

made. 

1) Influence of stress history and stress system during 

consolidation on the stress-strain-strength behaviour 

2) Effect of stress system ( compression or extension ) 

during shear on the stress-strain-strength behaviour 

3) stress-strain-strength behaviour under plane strain 

condition 

4) [·[ethod of predicting stress-strain behaviour of clay 

13 



1.2.1 In fluence of stress history and stress syste::n. during 

consolidation 

The influence of stress aIlisotropy during consolidation on 

the strength characteristics of cohesive soil has been investigated 

in detail for a long time. Theoretical investigation by Hansen 

ru'1d Gibson (1949) is well knov:rn and a good example of study on 

this subject. They suggested that even if the structure of a clay 

soil is isotropic, the undrained shear strength of this clay is 

different \'Ji th direction, because of the anisotropic stress system 

dUl"'ing consolidation o Henkel and Sowa (1963) studied experimen-

tally, on this subject, by using the lateral strain indicator 

developed by Bishop and Henkel (1957) so as to control the lateral 

strain of clay specimen during consolidation in order to establish 

the Ko condition which is representative of in situ deformation 

condition during one dimensional consolidation. A..kai and Adachi 

(1965) investigated the one dimensional consolidation and shear 

strength properties of clay by using the similar indicator as 

Bishop and Henkel. 

Ladd (1965) investigated the difference of strength parameters 

between isotropically consolidated specimen and ru'1isotropically 

consolidated one for several cohesive soils. l:Iikasa et 0.1. (1978) 

investiga.ted the difference of Su/rv ' where Su and hare 
(v 

the undrained shea.r strength and effective vertical consolidation 

pressure respectively, behveen the specimen isotropically and 

14 



anisotropic ally consolidated in conjunction with the consolidation 

duration. 

Recently, stress-strain behaviour of anisotropically consoli-

dated clay has become a theme of research in conjunction with the 

establishment of stress-strain equation of cohesive soil ( e.g. 

Leviin CLl1d Burland 1970, Lewin 1975, Prevost 1978 and l"Iroz et ale 

1979 ). 

Effect of overconsolidation on the shear strength characteris

tics of cohesive soil has also been investigated for a long time 

( e.g. Hvorslev, 1960). The experimental study using triaxial 

apparatus by Henkel (1960) is well knovm, who concluded that the 

e ffecti ve angle of shearing resistance ¢/ is almost constant 

irrespective of stress history and stress system. This experimen-

tal fact became a backbone of the effective stress analysis of 

stability computation. 

NCL~ase et al. (1969) studied the influence of stress aniso-

tropy during consolidation and of preconsolidation on the shear 

strength parameters of cohesive soil. They suggested that even 

the effective strength parameter may be affected by the al1isotropic 

overconsolidation, and they proposed a method of estimating the 

reduction of undrained shear strength due to s:'Jelling. 

Ladd a~1d Foott (1974) performed elaborate experiments concer-

ning the undrained shear strength of anisotropic ally overconsoli-

dated clay.. They found experiI:lentally all unique relationship 

betvreen Su. if') versus 10gC?..ri thm of overconsolidation ratio (OCR). 
/ rlJ 
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Experiments in isotropic condition for wide range of OCR values 

up to 375 were carried out by Yudhbir and Varadarajan (1974). 

The effect of sample disturbance on the strength behaviour 

of clay has also been investigated very actively. Skempton and 

Sowa (1963) and Noorany and Seed (1965) studied the difference 

between the in situ undrained shear strength and that obtained 

from unconsolidated undrained test on "undisturbed ll sample by 

simulating the stress condition in situ and that during sampling 

process in the triaxial celIe Ladd and Lambe (1963) and Okumura 

(1969) studied experimentally on the "mechanical" disturbance 

due to sampling and trimming operation in addition to the 

disturbance due to stress releasee And they proposed methods 

of modification of undrained strength data obtained from standard 

triaxial tests o 
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1.2.2 ~ffect of stress system (compression or extension ) 

during shear 

As mentined previouslYtHenkel (1960) and Parry (1960) 

studied systematically the influence of stress history during 

consolidation and stress system during shear on the shear strength 

characteristics of remolded clay. In this series of experiment, 

they performed isotropic ally consolidated drained and undrained 

compression and extension tests and suggested that the effective 

strength parameters are, for practical purposes, independent of 

the type of test. 

Ladd (1965) carried out an undrained extension test on 

the anisotropically consolidated clay. In accordance with 

his test result, both effective strength parameter and undrained 

shear strength in extension test differ extremely from those 

in compression test. 

Parry and Nadarajah (1973) made isotropically and anisotro

pically consolidated undrained triaxial compression and extension 

tests in order to study the influence of preconsolidation pressure 

and anisotropy on the strength and stress-strain characteristics 

of lightly overconsolidated clay. They found that the failure 

envelopes for isotropically and anisotropic ally consolidated 

~pecimens differ in both compression ruld extension, and most 

markedly in extension. 

Based on the critical state concept by Roscoe et al o 

(1963), Parry (1971) e.nd Karube (1975) suggested equations 



estimating the undrained extension strength using the data from 

compression test. 
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1.2.3 Plane strain behaviour 

The first experiment in the world in which three principal 

stresses are controlled independently was performed by Kjellman 

(1936) using dry sand specimen. To the best of the author's 

knowledge, Wu et ale (1963) carried out the tests controlling the 

intermediate stress of clay specimen for the first time, using 

hollow cylindrical specimen. Broms and Ratnam (1963) also performed 

the tests controlling the intermediate stress with anisotropic ally 

consolidated clay. 

Shibata and Karube (1965) developed an appcu:'atus, by whi0h 

plane strain tests can be performed using prismatic specimen 

whose dimension is similar to that of conventional triaxial 

test specimen. At that time, Henkel and Wade (1966) carried out 

a series of pl~~e strain test using the same type of apparatus 

which was designed. by Bishop and Wood and used by Cornforth (1964) 

for the test with sand specimen. It Vias suggested by Henkel ~"1d 

Wade that the effective strength parameter tan¢>1 and Su./p)) are 

about 8 % greater in plane strain test than those in axi~ymmetrical 

triaxial test. 

Campanella and Vaid (1973) further performed plane strain 

extension and triaxial extension tests in order to investigate 

the influence of interchange of principal stress directions 

on the stress-strain behaviour of natural clay. 

Sketchley and Bra-nsby (1973) carried out plane strain 
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compression and extension test on normally and overconsolidated 

clay by using Hambly and Roscoe (1969) type test apparatus so 

as to investigate the influence of stress history on the stress

strain-strength behaviour of remolded kaolin. 

Recently, Lade (1978) developed an special triaxial apparatus 

by which the three principal stresses can be controlled independent

ly, and examined the failure criterion of cohesive soil ( Lade and 

Husante, 1978). 
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lo2.L~ Prediction of stress-strain behaviour of cohesive soil 

Since the studies by Roscoe et ale (1958), Roscoe and 

Poorooshasb (1963) al1d Roscoe et ale (1963), VIho are considered 

to be pioneers of this subject, investigations on this subject 

has been developed rapidly al1d a large number of researchers 

have been concerned with this problem. 

The theories by Roscoe et ale (1963), 'which is called 

original Cam-clay theory, and by Roscoe and Burla.."1d (1968) which 

is called modified Cam-clay theory will be presented in detail 

later in Chapter lie The theories for predicting stress-strain 

behaviour of anisotropically consolidated clay, such as Ohta et ale 

(1975) al1d Lewin(1975) will also be presented in some detail in 

Chapter Iv • 

Wroth and Bassett (1965) proposed a stress-strain equation 

which has a possibility to apply the overconsolidated clay ( Adachi 

al1d Tohgi, 1974). Karube (1977) proposed a stress-strain 

equation for normally consolidated clay which involved the effect 

of strain rate and consolidation duration. 

Recently, the influence of stress history, stress system, 

consolidation duration and rate of strClin on the stress-strain 

behaviour has become a main theme of research. The studies by 

Sekiguchi and Ohta (1977), Pender (1978) and Prevost (1978) et al o 

are the representative of this category. 
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1.3 Composition of the Present Thesis 

As mentioned previously, there are many factors influencing upon 

the stress-strain-strength characteristics of cohesive soils. Above 

all, the influences of stress history end stress system during conso

lidation ~nd shear on the stress-strain behaviour of saturated clay 

are pronounced o In this study, a method of predicting stress-strain

strength behaviour of normally consolidated saturated clay under the 

in situ stress condition will be proposed based on the experimental 

results obtained from variety of tests, in which effects of stress 

history end stress system are taken into account" A method of precU~ 

cting in situ undrained strength of overconsolidated clay will also 

be presented. 

The composition of the present study is as follows. 

In CHAPTER TI, test apparatus, material used end experimental 

procedure will be presented. 

In CHAPTER ill, original end modified Cam-clay equations by 

Roscoe et ale end alternative equations proposed by other research 

workers for predicting stress-strain behaviour of isotropically con

solidated clay will first be outlined o Then, less excellent accuracy 

of Roscoe's original Cam-clay theory and subsequent theories proposed 

after him will be shown by predicting the test results of present 

study, end the problems in their theories i'iill be pointed out, and 

further v/ill be presented a method pro)osed by the present alJthor and 

comparison of predicted ~nd observed stress-strain behaviour o 

In CHII.PTER IIJ, the influence of stress condi tion during consoli-
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dation and stress system during shear on the undrained stress-strain-

strength properties of saturated clay will be shown, and existing 

methods for predicting stress-strain behaviour of Ko consolidated 

clay will be outlined. Furthermore, a new method of prediction by 

using the parameters obtained from conventional triaxial tests and 

comparison of predicted stress-strain behaviour by this method with 

observed one will be presented. 

In CHAPTER V, observed stress-strain-strength behaviour of satu

rated clay in Ko normally consolidated plane strain test will be 

shown, and the predicted results for this test by both existing 

methods and proposed one by the present author will be presented 

for comparison. 

In CHAPTER ~, change in undrained strength due to consolidation 

and swelling obtained from the experimental results will be shown, 

and the coefficient of earth pressure at rest Ko and the pore pressure 

coefficient A at failure will be discussed in relation to overconsoli-

dation ratio. Furthermore, a simplified method of predicting in situ 

undrained strength of overconsolidated clay by using the data from 

a series of conventional laboratory test will be presented. 

In CHAPTER \lIT, conclusions drawn from this study will be 

presented. 



CHAPTER]I TEST APPARATUS, HATERIAL USED AND EXPERIlvIENTAL 

PROCEDURE 

2.1 Test Apparatus 

Test apparatuses used in this study can be divided roughly 

into two types. One is conventional triaxial c.ompression apparatus 

and the other is plane strain apparatus o 

Since the triaxial compression apparatus used for the present 

study is nothing but conventional, its detailed explanation will be 

abbreviated, but the circumstances of the specimen mounted in the 

triaxial apparatus are illustrated in Fig.2-l. As the observation 

and recording of data for triaxial test much time and efforts are 

needed, digital strain meter and pressure and displacement trans

ducer were used in this study. In conventional triaxial compre

ssion test, measured variables Here major and minor principal stress, 

pore water pressure and axial displacement. In this study, minor 

principal stress (cell pressure) and pore water pressure were 

measured by pressure transducer, and axial displacement was measured 

by displacement transducer. Axial load was measured through the 

water pressure within the bellofram cylinder by pressure trans

ducer (see Fig .. 2-2).. Electrical signals from the pressure and 

displacer!1ent transducers were recorded automatically by the digital 

strain meter according to time intervals set prior to the start of 

test .. 
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Brief explal1ations of the plal1e strain apparatus al1d other 

equipments attached to the standard triaxial apparatuses are as 

follo1,''[s 0 

1) Ko control system 

There are tVIO kinds of method of Ko consolidation by using 

triaxial apparatus. The first method is to control the axial or 

lateral stress so as to keep the diameter of specimen unchanged by 

detecting directly the lateral deformation during consolidation. 

The second method is to control the stresses so as to establish the 

Ko condition in such a manner that the change in volume Ll V of 

specimen is made equal to the axial displacement Ll H multiplied 

by the original cross sectional area Ao of the sample, i.e. 

11 V = Ao' LJ f-I (2-1) 

Various types of lateral strain indicator have been developed 

(Bishop and Henkel 1957, Brown and Snaith 1974, EI-Ruwayih 1976 

and Boyce and Brovm 1976) for the purpose of the first method .. 

Several automatic Ko control systems have been proposed 

(Levvin 1971 , Hitachi et al. 1973, and Henzies et al. 1977) which 

are attached to the conventional apparatus, and specially designed 

tri2~ial apparatus (Campanella and Vaid, 1972) so as to establish 

the condition represented by Eq.(2-1)o 

Figo2-3 schet::atically illustrates an equipment designed by the 

present author (Hitachi and Kitago, 1976) for controlling automatic-

ally the Ko condition during consolidation, on referring to Lewin's 
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method. Drainage water from specimen is led to burette via null 

indicator and control cylinder. This route is filled 'with de-aired 

water. Sectional area of the upper room of control cylinder(sectio

nal area of piston rod is subtracted) is made to be equal to the 

sectional area Ao of the specimen. This equipment establishes 

the Ko condition in accordance with the principle represented by 

Eq.(2-l). 

I'iechanism of this equi:pment is as follol'fS. The specimen is 

mounted in a conventional triaxial cell in an usual manner a..l1d 

the Ko control system is connected to the specimen just prior 

to consolidation. The test procedure involves increasing the 

cell pressure in steps. Subsequent volume change due to consoli

dation under all-round pressure makes an movement to the mercury 

in the null indicator. Photo-electric switch mounted on the 

null indicator detects this movement and switches on, through 

delay relay and magnetiC switch, the motor which drives the 

loading shaft to initiate the vertical compression of the 

specir1en. At the same time, the movement of the shaft carries up 

with it the control cylinder. This disulaceDent of the control 

cylinder suc1;:s bacl-;;: the mercury and so switches OTT the [r1Otor. 

In the consolidation stage, the control u:'1it of l)hoto-electric 

sr/itc~l is set to Ildarl~;: onl! 8 .. no. the change-over snitch of the 

the nlloto-electric svri tcll 'oy the r:.:ercury s~'[itches on and rotates 

the ;!lotOl~ in the direction compressing the s-..oeci:·.18::1. Ko snelling 
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test can be performed in similar marmer as the Ko consolidation 

by setting the controlling unit to "light on" and the motor to 

"reverse".. In this case, if the overconsolidation ratio exceeds 

about 3, the value of Ko becomes greater than unity, and it is needed 

to connect tightly the piston rod and top cap of specimen. 

The present author formerly developed a lateral strain indicator 

for Ko consolidation (Hitachi and Ueda, 1969) as shown in Fig.2-4, 

which was mounted in the triaxial cell. Observing lateral strain by 

this indicator, control of stress was manually performed so as to 

fulfill the condition of zero lateral strain. This indicator was 

mounted tentatively in the triaxial cell in order to check the magnj.= 

tude of lateral strain during Ko consolidation which was performed 

by using the automatic Ko control system. The test result is shovm 

in Table 2-1. It is clear that the condition of zero lateral strain 

is well established by the use of automatic Ko control system, in 

which the lateral strain is not measured directly, but the average 

diameter of the specimen is kept constant. 

2) Loading extension apparatus 

In extension tests, in which axial stress is decreased while 

lateral stress is maintained constant, the conventional tri~~ial 

apparatus was used after slight modification of loading ram tightly 

connected with top cap .. 

On the other hand, in such a type of extension test as a~ial 

30 



\.N 
I-' 

II 
II 

t\J II 
II 

III 
Strain 

Gauge Por()US Stone 
Teflon Sheet r¥··:····· :.:;!.''':' i 

I I 
Rubber 

Membrane 

Drain 

I 
I 

Paper -:--::,11 
I 
I 
I 

I 
1 

I 
I 
I 
I 
I 
1 

I 

O-Ring ~I~ .................... : 
~. ·······,'· .. · .. i·f···:::::·· 

'-1 --- I II 
II 

LL.._·:.:::: ~ Pore Pressure 
Route 

Fig.2-4 Lateral strain indicator 

Dummy 
Gauge 

Aluminum Plate 

Strain Gouge 
Phosphor bronze Plate 

Aluminum Plate 



(Jr t1(Jr Elapsed Time Radial Deformation 
(J:..Pa) (kPa) (min. ) (X l/lOOmm) 

5 5 60 -2.0 

10 5 60 +2.0 

15 5 70 0.0 

22 7 850 -0.7 

32 10 100 +1.6 

45 13 70 +1.3 

58 13 70 0 .. 0 

78 20 90 +1.,3 

105 27 90 +1.6 

135 30 60 +1.6 

170 40 60 +1.6 

210 LI-O 80 +1.6 

250 40 840 -2.3 

310 60 60 0.0 

400 90 80 0.0 

500 100 1440 +2.6 

Total 500 4080 +10.2 

Total re.dial strain as a percentage (diameter of specimen 

= 50mm); 

10.2 x 10-2 

50 
X 100 = 0 0 2% 

Table 2-1 Check data of the magnitude of lateral strain 

during Ko consolidation 
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stress constant and lateral stress increased, the apparatus 

shmm schematically in Fig .. 2-5 vras used in order to perform 

strain controlled test by increasing lateral stress. The 

loading ram of the triaxial cell is sealed to the top of the 

cell by means of bellofram. The control cylinder connected 

to the cell is filled with water ·which is pushed at a constant 

rate into the cell to increase all-round pressure. 

3) Plane strain test apparatus 

Plane strain compressin and extension tests were car'ried 

out with the apparatus shown schematically in Fig.2-6 which 

was designed taking the following consideration into account; 

i) Friction between specimen and confining plates must be 

made as small as possible. ii) Control system of plane strain 

condition ( i.e. intermediate principal strain C2= 0 ) must 

be accurate enough. ~) For the purpose of correlations of 

the plane strain test data Vii th those ofaxi-symmetrical tri

axial test, dimension of specimen should be close to each 

other. iv) For the purpose of simulation of the initial stress 

condition of soils in situ, specimens must initially be consoli

dated under Ko condition. Special feature of main parts of 

this apparatus are as follo·ws; 

a) Triaxial cell ru1d specimen; Dimension of specimen is 

50x50mm in side and 120mm in height, which is very close to 

that of cylindrical specimen,50mm in diameter and 120mm high. 
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Construction of base aDd top of the triaxial cell VIas almost the 

same as that of conventional one. Lubrication by teflon sheet with 

silicone grease was applied to top aDd bottom of the specimen. 

b) Automatic Ko control system; Automatic Ko control system 

was connected to the triaxial cell in order to simulate the 

consolidation condition in situ. 

c) E.2 = 0 control system; Two sets of pressure cells can 

be fixed with triaxial cell base. In plane strain compression 

test, only one set of pressure cells in y direction was used o 

Specially designed bellofram cylinder installed in the pressure 

cell was filled with de-aired i,;vater and at the end of bellofram 

piston, thrust ball bearing was fitted o In Ko consolidation 

stage, confining plate which was suspended by spring was pushed 

against specimen by the bellofram piston with a small water 

pressure (about 5 kPa) to insure contact between specimen 

and confining plate before starting shear test. During shear, 

\vater supplying route to pressure cell Vias closed a..Yld internal 

pressure developed during shear was measured by pressure trans

ducer. In plane strain extension test, one more set of pressure 

cells was attached in x direction, construction of which was 

almost the same as that of y direction except that rigid side 

plate l,vas attached at the end of bellofram piston. Sliding 

side olate as shown in .rig.2·-7 which was designed so as to move 

itself freely in vertical direction as the specimen extended, 

was inserted between specimen and rigid side plate 0 Te flon sheets 
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vii th silic one grease were inserte d between specimen and confining 

plate, and if needed, specir!1en and slic.ill2; side plate to minimize 

the friction bet~een them. 
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2.2 Preparation of Sample 

Index properties of clay samples used in this study are 

listed in Table 2-2. These soils were sampled at the sites of 

river improvement near Sapporo, and were thoroughly mixed with 

distilled water, sieved by a 420fm size sieve and stored in the 

state of slurry. Before ma~ing test specimen, the slurry were 

stirred again in a soil mixer for about an hour and then transfered 

under a vacuum to a preconsolidation cell shovm in Fige 2=8, the 

diameter and the height of which are 165mm and 350mm, respectively. 

Then the slurry was initially consolidated one-dimensionally under 

an axial stress of 78kPa for more than 4 days. Specimens, 50x50mm 

sided and 120mm high for triaxial test were trimmed from this 

preconsolidated sample. Trimming of the prismatic specimens was 

performed as in the following manner. After completion of precon-

solidation, block sample within the preconsolidation cell is extruded 

carefully through the trimming \vires attached to the end of precon-

solidation cell. Prismatic specimen of 50xl20mm sided and about 

70mm high is thus made. Then, the final dimension 50x5Qxl20mm is 

formed by using miter box. The situation of trimming of prismatic 

specimen is shovm in Fig. 2-9. 

The specimens for triaxial compression a~d extension tests 

were then further consolidated isotropic ally or anisotropically 

in the tri2~ial cell and then sheared under undrained condition, 

while specimens for plane strain tests were further consolidated 
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-r::
o 

Sample 

number 

1 

2 

3 

'-~ 

Liquid 

limit 

52 

51 

72 

86 

Plasticity 

index (%) 

21 

21 

32 

lJ.9 

Table 2-2 Index properties of samples 

Specific 

gravity 

2.70 

2.72 

2.69 

2.66 

Clay fraction 

( <: 2fm ) % 

21 

19 

26 

70 



(a) preconsolidation cell 

(c) triaxial test specimen 

(b) extruded sample for making 
triaxi al test specimen 

(d) conventional triaxial 
test apparatus 

Fig.2-8 Preconsolidation cell and specimen and apparatus 
for axi-symmetrical triaxial test 
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(a) extruded specimens for 
plane strain test 

(c ) specimen mounted on plane 
strain test apparatus 

(b) trimming of prismatic specimen 

for plane strain test 

(d) plane s t rain test apparatus 

Fi g.2-9 Situation of making prismatic specimen and specimen 
mounted on pl~~e strain test apparatus 
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under K condition in the pla:.n.e strain apparatus and then sheared o 

under undrained plane strain condition. 

Samples No.l,2 and 3 were mainly used for the study on the 

prediction of ~ndrained shear strength of overconsolidated clay in 

axi~ymmetrical triaxial compression condition ( Chapter ~ )0 

Sample No.4 was mainly used for the study on the prediction of 

stress-strain behaviour of isotropic ally and Ko consolidated clay 

and on the stress-strain behaviour of clay under plane strain 

c ondi tion ( Chapter ill, liT and V ) e 
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2.3 Testing [-'lethod and Test Case 

Four series of consolidated undrained triaxial and plane 

strain test with pore water pressure measurement were performed 

under following conditions: 

(1) lsotropically consolidated undrained compression and 

extension test series (Fig.2-l0); 

a) NlC Test; Specimens are consolidated isotropically and 

then sheared under undrained coopression by increasing axial 

stress 'while lateral stress is maintained constant. 

b) NlE Test; After isotropic consolidation, sI1ecimens are 

sheared under undrained extension by decreasing axial stress 

while lateral stress is maintained constant. 

c) NIEL Test; Same as NIE test but with axial stress constant 

and lateral stress increased. 

d) OIC Test; Specimens are first consolidated under all

round pressure, allowed to swell under reduced isotropic pressure 

and finally subjected to undrained compression by increasing 

axial stress while lateral stress is maintained constant .. 

e) OlE Test; After isotropic consolidation and swelling, 

specimens are sheared under undrained extension by decreasing 

axial stress while lateral stress is maintained constant .. 

(lL) Anisotropically consolidated undrained compression and 

extension test series (i) (Fig.2-ll); 

a) NKoC Test; Before undrained compression by increasing 

axial stress and keeping lateral stress constant, speci!nens are 



(I) Isotropically Consoli dated and Rebounded Undrained 
Triaxial Compression and Extension Test Series 
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(::0:) Anisotoropical\y Consolidated and Rebounded Undrained 
Triaxial Compression and Extension Test Series (i) 
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consolidated under Ko condition, keeping the radial strain to be 

zero. 

b) NKoE Test; After Ko consolidation, specimens are sheared by 

decreasing axial stress while lateral stress is maintained 

constant. 

c) NKoEL Test; Same as NKoE test but with axial stress constant 

and lateral stress increased. 

d) OKoC Test; Before undrained compression by increasing axial 

stress and keeping lateral stress constant, the consolidation 

and following swelling are carried out under Ko conditiono 

e) OKoE Test; After Ko consolidation and swelling, specimens 

are sheared Qnder undrained extension by decreasing axial stress 

while lateral stress is maintained constant. 

(]I) Anisotropically consolidated undrained compression and 

extension test series (ID ( Fig.2-l2 ); 

a) NKoC Test; Before undrained compression, specimens are 

consolidated under Ko condition, keeping the axial strain to be 

zero D Symbol ~ denotes the condition of zero axial strain D 

b) NKoE Test; After Ko consolidation, specimens are sheared 

by decreasing axial stress 'while lateral stress is maintained 

constaYJ.t. 

c) OKoC Test; Before undrained compression by increasing axial 

stress &YJ.d keeping lateral stress constant, the consolidation a~d 

follm'iing s'welling are carried out under Ko condition .. 

d) O~(o:S Test; After Ko consolidation and s ..... relling, specimens 
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(m:) Anisotropically Consoli dated and Rebounded Undrained 
Triaxial Compression and Extension Test Series (ij) 
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(OOf> (frf=(Jrs) 

(fat 

-OKoE 
~-orf 

(Uaf<(frf =(Jrs) 

Fig. 2-12 ft~isotropically consolidated undrained tests en) 



are sheared under undrained extension by decreasing axial stress 

vlhile lateral stress is maintained constant o 

(]f) Plane strain compression and extension test series ( Fig. 2-13 ); 

a) NCP Test; Specimens are consolidated under Ko condition a~d 

then sheared under plane strain condition by increasing axial stress 

erg while one of the two lateral stresses 

constant. 

CGr is maintained 

b) NEP Test; After Ko consolidation, specimens are sheared under 

plane strain condition by decreasing Cfz while (f.::c is maintained 

c onsta."'1t G 

c) OCP Test; Before undrained plane strain compression by 

increasing ()~ and keeping Oi constant, the consolidation and 

following swelling are carried out under Ko condition. 

d) OEP Test; After Ko consolidation and swelling, specimens 

are sheared under plane strain c ondi tion by decreasing OX while 

crz is maintained constant. 

Test series with isotropic and Ko consolidation and swelling 

were carried out with conventional triaxial apparatus. In test 

series ,,'Ii th Ko consolidation911d swelling, the automatic Ko control 

system mentioned previously was connected to the conventional 

tria'Cial apparatus just prior to Ko consolidation. 

apparatus 

shown scher{latically in Figo 2-5 Vias used to perform strain controlled 

test by increasing lateral stress. Since variation of both cell 
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CW)Anisotropicotly Consolidated ond R bounded Undrainecl 

Prane Strain Compression and Extension Test Series 
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?ig.2-13 Undrained ylall.8 strain tests 
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pressure at1d sectional area of the specimen in NIEL and NK El 
o 

tests ch~nges the value of axial stress, air pressure in the upper 

room of the bellofram cylinder was manually controlled to cancel 

the axial stress change in order to maintain the axial stress 

constant. 

Pl~ne strain compression and extension tests were carried 

out with the apparatus shown previously in Fig. 2-6. 

In all type of test, specimen is mounted on the cell base 

under vJater in order to avoid air entraining, and cell pressure 

of 49 Jr..Pa is applied for about an hour' to squeeze out the excessi.ve 

water bet\yeen specimen and membrane,entrained possibly during 

mounting. 

During consolidation stage of all the tests involved, all-

round pressure was increased in several steps, and so the consoli-

dation took 3 to 6 days in isotropic condition and 6 to 9 days in 

Ko condition depending on the magnitude of the final pressure. 

Consolidation duration after ree.ching the final cell pressure was 

specified to be 24 hours in both Ko and isotropic conditions. 

Cell pressure in isotropic swelling was decreased to final 

pressure in one step, while, in Ko swelling, it was decreased in 

3 to 4 steps. However, the time allowed for swelling was 24 hr. 

irrespective of steps in cell pressure decrease. Initial back 

uressure of 98 "!sPa was applied to 8~1 s:pecir::ens. 

In all the tests other th~n NEP test, s:pecimens were sheared 
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in undrained condition just after completion of consolidation 

or swelling.. In NEP test, at the start of final stage of 

consolidation, the all-round pressure was reduced to 40% of 

its existing value, keeping ()£, <Jx and Cf~ values as they 'were, 

by increasing the pressure in the bellofram cylinder in z direc

tion and those in the pressure cells in x and y directions, 

respectively, in order that ():x:.. and ~ may vary independently 

during shear. Then, specimens were sheared by decreasing Clg 

and keeping GG(constant. 

The rate of axial strain in undrained shear was 0.05%/min. 

for all tests, and pore water pressure was measured at the 

bottom of the specimen. 

As there occurs the interchange of principal stress directions 

in these test series, following notations were used. 

In all the test series other than plane strain test, axial 

and lateral stresses are represented by cra. and Gr, respective

ly. There fore, axial stress ~ at failure is major. principal 

stress in compression tests, 'while it is equal to minor principal 

stress in extension tests. 

In the pla~e strain test series, fixed coordinates x, y and 

z were used and z a..~d y direction are coincident 'with the vertical 

and E~ =0 direction, respectively" stresses tJX., Oi- and ~ in 

NCP test imply minor, intermediate and major principal stresses, 

respectively, whereas in iJEP test, immediately after interchange 

of principal stress directions, they are coincident with maj or, 

in.!.. Y'MC. ri ;;::>7-c. nd" Y'"n" I.!.. "'. t" 1 _ .. \...e_ ... ~u. __ '"J'~ aL mlnor p_ L.clpa s I,.,ress,--s, respec l ve y" 

52 



CHAPTER ill STR:SSS-S'rl~AIN-STRENGTH BLHAVIOUR OF ISOTROPICALLY 

CONSOLIDATED CLAY 

3.1 Introduction 

Recently, finite element method has been frequently used 

for the analysis of the stress-strain-strength behaviour of natural 

stratum or earth structure (eog. Wroth,1977)o In this case, as the 

stress-strain characteristics of a particular soil is an input of 

computer analysis, the input data should be as universal as possible 

to follow up the various states and processes of stress-strain 

change of the soil in situ. 

It should be noted that the output data of stress-strain 

behaviour of soil stratum or earth structure obtained by putting 

an equation representing limited experimental condition into 

computer analysis should not be gobbled up indiscriminately. 

It is essential to develop a constitutive equation which is able 

to fully describe the stress-strain-time behaviour of soil, 

because soil is a material which depends strongly on the stress 

and time history. In order to extend the applicability of a 

constitutive equation, it is convenient to represent the complicated 

properties by some parameters, as less as possible in number, and 

at the same time, it is necessary to rely only on relatively simple 

and reliable testing method to obtain these parameters o 
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As mentioned previously, stress condition during consolidation 

of earth structure as well as natural soil stratum are fulisotropic, 

and moreover, soil element is, for the most part, consolidated 

under the condition of no lateral strain, i.e. Ko condition. 

As the stress-strain-strength properties of soil is greatly 

influenced by the stress history during consolidation, it is 

necessary to examine the stress-strain behaviour of the specimen 

consolidated under the condition which represent the in situ 

consolidation condition in order to ma~e accurate prediction of 

the in situ stress-strain behaviour. 

As it is possible to conduct Ko consolidation by attaching 

a simple control system developed by the present author, Ko consoli~ 

dation will become a routine work in the near future. But, the 

actual situation of the testing of strength properties of cohesive 

soil conducted by consulting engineer in Japan is as follows. 

In ma~y cases of stability analysis, unconfined compression 

strength is used and consolidated undrained type triaxial compression 

test is performed for only a special case, and moreover, is seldom 

performed the triaxial test with measurement of pore water pressureo 

Taking the circumstances mentioned above into account, it will be 

advisable to await to come into wide use of conventional triaxial 

test o In this paper, the method of predicting in situ undrained 

stress-strain behaviour of cohesive soil by using the parameters 

obtained from isotropically consolidated undrained triaxial tests. 
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In order to estimate the stress-strain behaviour of clay 

imposed by external loads by using the parameters obtained from 

laboratory tests, it is essential to establish a constitutive 

equation. There are two methods of approach to do this. 

1) The first approach is to search for the establishment of the 

universal consti tuti ve equation by analyz,ing and sythesizing 

macroscopically stress-strain behaviour under the various 

conditions, and not to come into microscopic internal mechanism 

of soil. This approach is so to speak phenomenological method, 

and already systematized theory, such as elastoplasticity, visco

elasticity etc. is widely used, and moreover, well established 

experimental facts, e.g. linearity of virgin compression line, 

can be included into constitutive equation. Typical example 

of research work belonging to this category is original Cam-clay 

theory by Roscoe et al.(1963). 

2) The second method is to intend the derivation of a macroscopic 

constitutive equation based on the microscopical analysis of 

soil behaviour e Although, there has not yet been the definite 

method of analysis, Rowe's stress-dilatancy theory (Rowe, 1962) of 

sand is famous as an early work of constitutive equation of this 

type of approach. 

Recently, a large number of research \'{orks have been done, 

intending to establish an universal constitutive equation of soil, 

most of which are influenced more or less by the studies mentioned 

above o 
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The present author assigns the goal to predict the stress

strain behaviour of soil 'which is consolidated under Ko condition 

and imposed by various in situ stress a..Yld strain conditions, by 

using a simple calculation procedure based on the parameters 

obtainable by simple and reliable method of testing. 

In this chapter, less excellent accuracy of Roscoe's original 

theory and subsequent theories proposed after him will be sho\m 

by predicting the test results of present study, and the problems 

in their theories will be pointed out, and further will be presented 

the modification of existing theory and comparison of observed and 

predicted stress-strain behaviour. 
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3 .. 2 Original Cam-clay Theory by Roscoe et ale 

3.2.1 Introduction 

The present author intend to modify the original Cam-clay theory 

by Roscoe et al~ and establish a modified method of predicting 

stress-strain behaviour of clay under in situ stress condition 

by using experimental parameters obtained from conventional iso-

tropically consolidated undrained triaxial test. As almost all 

assumptions used in the modified method are similar to those used 

by Roscoe et al., original theory b~T Roscoe et al. will, first of 

all, be introduced in this chapter. 

Roscoe et ale considered that the basic parameters used in 

stress-strain prediction are those obtained from standard triaxial 

compression test, and they selected stress parameters p and q 

'which are represented as follows by the observed values of two 
./ / 

e ffecti ve principal stresses OJ and ()j • 

(3-1) 

(3-2) 

From the experimental results, it was found that the state path 

during tria"<:ial test for saturated normally consolidated clay 

constitutes an unique curved surface, v[hich \'ras called "state 

boundary surface" in p, q and e space, v[here e is void ratio o 
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In Figo3-l, ACEF is a part of state boundary surface a~d AC is 

isotropic normal consolidation line. Wherein, the linearity 

of e versus In p curve is assumed as shown by the following 

equation, 

e = e a - "In p , (3-3) 

where ea is void ratio at p = 1 0 Roscoe et al. also assumed 

that the soil element subjected to shear deformation finally reaches 

ultimate condition, "critical state", where the element of soil 

continues to deform without further change of p , q and e e 

This critical state is represented by EF in Fig.3-1. Projection 

of this curve on the p 

equation 

q = H·p 

q plane is represented by the following 

(3-4a) 

and projection onto e - In p plane is 

e = T' - "Aln p , (3-4b) 

iNhere ( is critical void ratio at p = 1 and 7\ is a material 

constant, the same as used in Eq.(3-3). 
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3.202 Definition of strain and concept of yield loci 

Roscoe et ale defined the volumetric and deviatoric strain 

as follows 

(3-5) 

(3-6) 

where ~/' C2 and E.~ are principal natural strains o 

The reason for the choice of p, q, cflJ and OC as done 

in Eqs. (3-1), (3-2), (3-5) and (3-6) is that the sum of the 

product of the parameters should be equal to the sum of the product 

of the principal strains and stresses ( Schofield and Wroth, 1968 ), 

i.e., 

/ I 

Pou = ~ (Jt ~203 )-(cSC I +26(3)=+(O-:cftl+4cr:;OE3+2~/6EI +2cr;oc3) 
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Roscoe et alto defined yield loci in ( e ,p,q ) space as follows .. 

No\'!, a normally consolidated clay which reached equilibrium state 

( point A in Fig. 3-1 ) under isotropic stress ~ is considered. 

If the isotropic stress p is first decreased ~~d then the stress p 

larger than -h is reloaded, the stress path 'will become A -. B ..... 
rA 

A...:::..C and point A is to be yield point. If the curve which include 

A, B in elastic region is assumed to be a straight line in e-ln p 

plane, then the following equation is obtained. assuming K as a 

material constant. 

/+e 
5P 
P 

(3-7) 

As it was assumed that plastic deformation occurs only vThen 

the stress state is on the state bOQ~dary surface, shear strains 

exerted by the cha.l1ge of q which· is not large enough to reach 

the state boundary surface are entirely recoverable,i.e. the state 

of the soil will be confined to an 'elastic' surface in (e,p,q) 

space vrhich cuts the q = 0 plane along the swelling curve ABR .. 

Roscoe et al. assumed that the elastic limit curve AF lies directly 

above the swelling curve ABR. They also assumed that there is never 

any recoverable energy associated i'lith shear deformation, i .. e. 

ocr = 0 and at all J,..' 
iJlmeS The projection of AF 

on the p, q plane is yield locus .. 
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3.2.3 Normality condition 

When stress increment ( (j p , (j 6- ) is applied on a soil 

element whose stress state is represented by a point Xi (p,q) 

which is on the current yield locus A'F' and the vector of stress 

increment orientates to the outside of OA' F', the deformation 

includes plastic components. If the soil element is at "stable 

statetr by Drucker's definition (1959), strain increment vector, 

the components of which are represented by (f8 P , cfZ;f, must be 

normal to A'F' at point X'~ Therefore, 

(3-8 ) 

where ( d~ /CI P ~F' = - 2f is the slope of the current yield locus 

AIFI at the point XI. 

The condition represented by Eq. (3-8) is called normality 

condition. Host research workers concerning with the study for 

predicting stress-strain behaviour of soils have conveniently been 

using this condition in order to obtain shear strain increment. 

Based on the stress probe tests on normally consolidated clay, 

Levlin and Burland (1970) suggested that the normality condition 

of plasticity theory provides a reasonable basis for the prediction 

of shear strain. On the other ha~d, Lade (1976) performed a 

series of consolidated undrained test with three different principal 

stresses &~d found that the normality condition is satisfied or 
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very nearly satisfied in the octahedral plane, but not in the 

tria"'{ial plaYle. There fore, he concluded that the normality condi

tion is not fulfilled in general for normally consolidated clay. 

According to the facts mentioned above, there is yet a room 

for studying the validity of the application of normality condition 

to soils. 

Those mentioned in preceding sections 3.2.1 through 3.2.3 

are the basic assumptions in Cam-clay theory. Stress-strain 

relationship will be expressed using these assumptions in the 

remainder part of this chapter& 
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3.2.4 Expression of yield locus by t.p 

, I 

In Figo 3-2 slope A,E; of yield locus at point X f is represented 

by Eqe (3-8). And, do = fdp+ pd1 as 

Combining above equation al1d Eq. (3-8), following equation is 

obtained 6 

dr 
l' 

elf = 0 

Integration of Eq. (3-9), gives the following equation .. 

(3-9) 

(3-10 ) 

where p is the effective principal mean stress at the intersection 

Doint of normal consolidation line with current elastic limit line. 

Eq. (3-10) represents a yield locus. 

If the stress increment is applied upon the clay element 

whose state is represented by the point X on the state boundary 

surface, clay element yields in such a way that the total strain 

increments all and J t. contain plastic components 6lJf and 

Jtf , and then the clay element will come to equilibrium at 

some other point Y on the state boundary surface ( Fig. 3-2 ). 

The elastic limit curve through Y will now correspond to 
I I 

a new yield locus A~2 still obeying Eq. (3-10) but with Po nm'! 

having a value .. In other VIords, Eqo (3-10) can be 
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equation for all yield loci corresponding to all elastic 

limit curves on the state boundary surface, provided that Po is 

treated as a variable which has a fixed value for indivi-

dual yield locus. Expressed in differential form, all yield 

loci are therefore represented by 

dp 
:::0 (3-11) 

where d Po is a measure of the distance between the elastic wall 

AlhR, associated with point X aJ.1d h20.J?z associated with point y" 

Considering the isotropic consolidation, the over all void 

ratio change from pOintA/ to A2is 

The elastic component of this change has already been shown to be 

Consequently, the plastic component of the void ratio change 

will be 

(3-12) 

Combining Eqo(3-11)and(3-12), following equation is obtained. 
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oeP 
(3-13 ) 

Therefore, 

(3-14) 

As the elastic component of the volumetric strain for the state 

of sample to change from X to Y is 

l-te 

the total volumetric strain will be 

(3-15) 

Considering the definition of if and the assumption mentioned in 

section 3.2.2 that 0 C" = 0, Eq. (3-14) gives 

(3-16 ) 

(3-17) 
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Eq.(3-17) represents a short range of the state path between X and 

Y in Fig.(3-2), and since void ratio e is related to the equivalent 

pressure Fe , it may be written in the form 

(3-18 ) 

where the parameter ~ , which was proposed by Hvorslev(1936), 

represents the pressure corresponding to that void ratio on 

the virgin isotropic consolidation line. 

Integrating Eq.(3-18), following equation representing state 

boundary surface is obtained. 

(3-19) 
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3.2.5. Determination of ?6 as a function of i? 

Roscoe et al .. derived a relationship between ljJ and ? 
from considerations of internal ;,york. When an element of soil, 

/ 

initially in equilibrium under principal effective stress ( 6/, 
/ / S" / S'./ r'>"-./ G::; , Gd ), is subjected to a stress increment ( o6j , u Q2 , d 03 ), 

it undergoes principal strain increments of ( 00 ' J'f.2 , cr~ ). 
The total energy per unit volume transmitted to the soil skeleton 

across its boundaries is 

(3-20) 

r. / 
As total energy () E is the sum of recoverable energy 6 ZT and 

dissipated energy O~, 

o~/= aU +aW } /' ~\' r / """9 r ;'Y-/ "9 {1 o"'u= (jj u'Et + (); 0(.2 + \.J\3U GJ 
"TIT / r> P / r-.. p F:! 0t;;;' t o f;Ij == ()j () E{ + ();.d £2 + ~ 0 '-3 

(3-21) 

These equations are applicable to any homogeneous deformable 

continuum in which the principal axes of stress and strain-

increment coincide. 

Expressed in terms of the Cambridge stress and strain 

parameters for triaxial compression conditions, these .equations 

become 

69 



From the assumption by Roscoe et ala urEr= Oc Consequently 

since 

l' r· () V- ;;::: i( .~ 
Ire r 

it follows from Eqe(3-22) that 

cfu - K cf'b 
Ire I 

(3-23 ) 

They also assumed that the dissipated energy cf/iV per unit volume 

of the material, when undergoing deformation (cf'v-, d"'C ) at any 

state (e,p,q) corresponding to a point on the state boundary 

- r-c 
surface, is ;1.;1 fa c.... • 

Substituting J'W=l1fO{ and J"E = (it f in Eq. (3-22), following 

equation is obtained. 

Therefore, plastic strain increment ratio cr~u\PiS as follows. 

(3-24) 

Substituting Eq. (3-24) into Eqs. (3-11), (3-17) and (3-19), 

following equatiorB for J'V, O't , yield locus and state boundary 

surface as a function of p and t: are obtained. 
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(3-25) 

(3-26 ) 

(3-27) 

(3-28 ) 

Since dv- = ° in undrained test, Eq. (3-25) gives 

Inserting above equation into Eq. (3-26), follo'wing equation is 

obtained 

Integration of above equation under the initial condition E, = ° 
for ~ = 0, gives 

v 

/" C -
}cb\ --}C) 

//1 A (t -t' 2) 
I! l /' I 1) / 
trl /.;,1 _ j/ /1 

I I l 
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And it follows from EqG(3-28) that 

f} (3-30) 

Thus, the stress path and stress ratio-strain relationship of iso-

tropically consolidated clay during undrained test can be calculated 

by using Eqso(3-29) and (3-30). 
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3.3 i"lodified Theory by Roscoe aYld Burland 

As shown previously, the increment of vlOrk dissipated per 

unit bulk volume of an isotropic continuum during deformation 5VV 
c an be written by using the Cambridge parameters p, q, !z}aYld 

of, as folloVls. 

(3-31) 

Assuming that there exist dissipated energy under isotropic 

stress condition (q = 0), Eq.(3-31) gives 

(3-32) 

At the critical state condition (f" ={VJ and d',?}P= 0), Eqe (3-31) 

becomes 

(3-33 ) 

A generalization of these two particular conditions 'would be 

(3-34) 

Burland(1965) adopted this equation for the value of dissipated 

energy instead of oW = /vl pd'sf in original Cam-clay equation .. 

~ , ., " , f1cY' 0 .I..h 1 .1.." , "" J.. l"(e"talnll1g "t11e concep"t 0 G, = ,L-_ e p_as L-lC s"trall1 lncremen L-
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ratio is given as follows by combining :Sq. (3-34) with Eq .. (3-31~o 

(3-35) 

Burland noted that !lIt is important to note that Eq,,(3~34) 

represents one of many possible generalizations of Eqs.(3-32) 

and (3-33). The ultimate choice between original Cam-clay and 

modified Cam-clay model, or other similar models, may well 

depend on mathematical expediency end must, j_n any case, avrai t 

the results of further tests,particularly of the stress controlled 

type. 1I By the way,Table 3-1 shows the examples of the expression 

of plastic strain increment ratio used by recent research workers 

including Roscoe et ale From this table, it can be seen that the 

models by Wong and Hitchell (1975), Pender(1978)a.l1d Cheney(1979) 

are the modification of original Cam-clay theory and that. by Eekelen 

et ale (1978) is that of modified Cam-clay theory. 

Substituting Eq. (3-35) into the Eqs. (3-11), (3-17) and (3-19), 

the following expressions may be obtained. 

07/"P = 
A-Je ( 2141/ c!f 

" +7) 0-36 ) I . to /42-+12 T ........ 

;,~ L\ / rf , JZviZ +/\ d! 1 (3-37 ) 
J . 

I +e LlA-lC) jvf2Q" ( ) 



Authors oE/cS'v P 

Roscoe et at. (1963) 1/(M~71 ) 

Roscoe & Burland (1968) 2 ~/(M2_7Z.2) 

Wong & Mitchell (1975) (1-CYcbM-71) 

Pender (1978) ~ Pol Pes -1 >{M-(PI Pes) ~r 
Eekelen & Potts (1978) 2 (2~ )7Z/(ML 7C) 

Cheney (1979) (1- ex ) I( M -7l, ) 

A = 1 - KI7\ 
Pes ; the value of p at the point on the 

critical state line 
~,b,c : numerical constants 

Table 3-1 Examples of the expression of plastic strain 

increment ratio 
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And yield locus becomes fro~ Eq.(3-12) 

Pip = 
Ito (3-39) 

while the state boundary surface is represented as folloVls. 

(3-40) 

Since c/lJ= 0 in undrained test, Eq.(3-37) gives 

Inserting above equation and integrating resulting equation under 

the condition E. = 0 at r = 0, then, following equation is 

obtained. 

(3-41) 

76 



3.4 Comparison of Observed and Predicted Stress-Strain Behaviour 

by Existing Theories 

3.4.1 Introduction 

The present author has long intended to find out a method to 

predict the stress-strain relationship of Ko consolidated clay, 

using the parameters obtained from the conventional consolidated 

undrained (CU) triaxial test results. To do this, establish-

ment of an appropriate stress-strain theory for predicting the 

isot.ro:9ically consolidated lmdrained case he.s fj_rst been made, a.nd 

then, in order to apply this theory to the Ko consolidated clay~ 

some modifications to the theory so as to fill up the discrepa~cy 

which comes from the stress and the structural anisotropy 

resulting from Ko consolidation have been carried out. 

Nov!, the validity of the existing theories is examined, 

using the present CU triaxial test results. The test data used 

for this purpose are from NIC-No.4 a~d the computed parameters 

are as follows. 

H = 0.578 A = 0.221 Jc =0.113 

1Nhere r-r: is equal to ~ at critical state, /\ and }( correspond 

to compression a~d swelling indices , respectively, a~d eo is 

void ratio after consolidation. The parameter 1 represents 

the ratio of octahedral shear stress ~ to octahedral effective 

normal stress p, where T and p are de fined as follQi.'/s. 
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(3-42) 

/ I' / / / ? = U117 = 3 (OJ +0'; +GJ) 

By considering axi-symmetrical stress condition, it follows 

from Eqs. (3-1), (3-2), (3-4a), (3-42) and (3-43) that 

~ 

T = £g 2> -

~ = ~~ (3-44) 

IV; :;:: £11 ,3 

Numerical values of fi! and /\ given in the preceding page are average 

values obtained from the series of NIC tests. Determination of the 

value of rc is not easy in general because of the non-linearity 

of swelling line. Following the suggestion by Karube(1975) , 

its value was obtained by drawing a line passing observed two 

poin ts vfhich locate far away from the virgin consolidation line 0 
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3.4.2 Prediction by original a~d modified Cam-clay equation 

In the original Cam-clay theory, the equations for undrained 

stress path and stress ratio-strain curve are as follows in 

terms of the notation of the present study 

(3-45) 

(3-46 ) 

where ([ is octahedral shear strain defined as follows. 

(3-47) 

Fig. 3-3 shows the comparison of observed stress paths and 

stress ratio-strain relationships with calculated ones by 

original Cam-clay equation. In this figure, calculated stress 

paths and stress ratio-strain relationships for additional two 

cases assuming ~ = 0.3 and }(~ = 0 .. 1 with the fixed value 

of 1\ = 0.221 are also illustrated.. Calculated stress ratio 

versus strain curve for ~ = 0" 5 follovfs approximately the 

observed values. On the other hand, effective mean stress p 

in the predicted stress paths monotonously decreases as shear 

stress increases toviard the critical state point, whereas in 
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the measured stress path, p increases slightly in the earlier 

part of shear. Thus, the stress paths predicted by the original 

theory shoyr a..'1 appreciable difference from the observed ones, 

and this can be demonstrated by the data from other tests of 

the present study. 

It should be noted that the pattern of predicted stress 

path and stress ratio-strain curve are greatly influenced by 

the value of k: as shown in Fig. 3-3 , i.e. the smaller value 

of ){ gives the smaller prediction of 0 and the greater rate 

of decrease of p for a given stress ratio t: . 
As mentioned previously, Roscoe and Burland(1968) introduced 

a new energy equation to their original concept to make some 

modifications to their previous theory. the equations thus 

obtained to calculate the undrained stress path and stress ratio

strain curve are as follows in terms of the notation of the 

present study 

:r - _I K (A - k) [0 1)1 t'L/ 1a -/ "ZI ] 
o - 3 11'1\ ( / + e) j?1 H Z -2 in II! 

(3-48 ) 

(3-49) 

illustrates the comparison of observed stress paths 

and stress ratio-strain curves with calculated ones by the 

above two equations o As it was in Fig. 3-3 , the influence of 
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.L.h OJ...' f 1/ t... e magnl t... UQe 0 f\- value on the prediction of the stress-

strain relationships is obviously dominru~t. 
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3.4.3 Suggested methods of predicting stress-strain behaviour 

of clay by other research workers 

Wroth & Bassett(1965) and Wroth(1965) proposed a new pre-

dicting method of stress-strain relationship of soils based on 

the energy theory and exponential function. The equations for 

predicting undrained stress path and stress ratio-strain curve 

are as follows 

Vlroth represents the parameter 00 for normally consolidated 

undrained test by the following equation 

3 __ 0 

{2 
~I (/-teo)A 
(?\-k)K 

(3-51) 

(3-52) 

Putting Eq.(3-52) into Eqs.(3-50)and(3-51), the equations quite 

the same as Eqs.(3-45)and(3-46) can be obtained. 
I 

Parameters a and j) in the theory of Wroth and Bassett, 

which was primarily concerned on sandy soil, have to be deter-

mined so as to the predicted values best fitted to the experi-

mental data. In application of this theory to normally consolidated 
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clay, Vlroth assumed the parameter b to be zero, which necessi

tated the parameter a to be a function of ;f1, ..-:\., fC a'1.d eo. 
There fore, determination of the parameter Jc. in Wroth's stress

strain equation still remains as a problem because the parameter 

{l ,which was originally an experimental constant, became to 

be dependent on the parameter ~ • 

Ohta et al. (1975) developed a stress-strain theory for a..niso-

tropically consolidated clay, extending their previous theory 

(e.g. Rata et al.1969) for isotropically consolidated clay_ 

Their equations for undrained stress path and stress ratio-strain 

curve after isotropic consolidation are as follows 

(3-53) 

x"-{J - - (3-54) 

In this theory, they derived following equation using the condi-

tion of critical state. 

A-}( 
(3-55) 

The parameter I) was originally defined (shown later in section 

3 .. 5) as dilatancy index, but now it has a different definition, 

being dependent on /1 ' /\ a..nd }C., In any case, putting Eqo (3-55) 
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into Eqs.(3-53) and(3-54), equations quite the same as Eqs.(3-45) 

and (3-46) can be obtained. Predicted values by the theories 

of Wroth and Ohta et ala will be exactly the same as in Fig. 3-3 , 

provided that the same value of !1 , /\ and fC are used. 

Karube (1977 and 1978) recently proposed a method to obtain 

incremental stress-strain relationship, based on an experimental 

relationship between strain increment ratio versus stress ratio. 

His equations which predict the undrained stress path and stress 

ratio-strain curve are as follows in terms of the notation of 

the present study 

(3-56 ) 

(3-57) 

where 

(3-58) 

(3-59) 

and rj is an experimental parameter vihich is determined so as to 

mru~e the best fit to observed stress ratio-strain curve .. 

Fig .. 3-5 sho\"/S the comparison betvreen observed and predicted 
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stress path and stress ratio versus straj_n curve.. Stress ratio

strain curve for 0( = 0.025 gives the best fit, but the failure 

point in the predicted stress path is appreciably different from 

the observed one. Calculated stress paths for c( = 0.02 and 0.03 

are also illustrated in the same figure, and they indicate that 

a satisfying stress path prediction can not be obtained by merely 

modifying the value of r:J... • 
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3.5 Nodified Equation by the Present Author 

Roscoe et ala assumed that the dissipated energy is to be 

oW = M P Jtp• But, calculation based on this assumption 

overpredict the magnitude of shear strain at given stress ratio. 

Consequently, Roscoe and Burland newly assumed 0 W as follows 

(3-34 bis) 

Eqo(3-34)was brought out from the concept that the dissipated energy 

be equcd to PO})' after isotropic consolidation and be equal to/~/vf(j/;p 
at critical state condition. Since there are many possible generali

zation of above two conditions, the present author suggested a new 

equation which satisfies the two conditions mentioned above ( Mitachi 

et al .. 1979) .. 

(3-60) 

where OJ is a positive constanto 

Rearrangement of Eq. (3-60) after dividing it by p o7)P 

gives strain increment ratio as follows. 

2(1{ +Itf/IW) 
/~/2 -Z2 
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Substituting Eq.(3-61) into basic equations(3-16) and (3-19) 

which give shear strain increment and undrained stress path, 

following equations are obtained 

(3-62) 

(3-63 ) 

Fig.3-6 illustrates an example of effective stress paths during 

undrained triaxial compression test for various values of u0 • 
From this figure it is seen that the stress path for small value 

of «J is approximate to that of original Cam-clay theory, and 

the stress path is the same as that of modified Cam-clay theory 

1Nhen the value W approaches to infinity. 

Fig. 3-7 shows the stress paths aDd stress ratio-strain 

curves obtained from Eqs. (3-62) and (3-63) by changing the value of 

vJ as 5,20 and 100. Stress ratio-strain curve for uJ = 5 

gives the best fit. But the following fundamental defects are 

still inevitable o 

1) The appropriate value of )(. is difficult to determine 

objectively, since it varies with overconsolidation ratio. 

2) As this equation is based on the energy concept, dilatal1cy 

characteristics of particular soil can not be introduced directly 

into the predicting equation. 
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In spite of those defects mentioned aoove, since the change 

of the value of ~ is, in a sense, equivalent to the change of 

the value of }( , it would be possible to obtain a equation that 

can predict more accurately the stress-strain behaviour of clay, 

by changing the value of u) corresponding to the change of z • 
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3.6 Stress-Strain Prediction YJi th Dilata..YJ.cy Function 

306.1 Introduction 

In the preceding section, the validity of the eXisting 

theories by comparing the observed with predicted stress-strain 

relationship was examined. In Cam-clay equation (and also Wroth's 

and Ohta's theory), three basic parameters /.1 , 1\ and )( are 

needed to fix. Among these parameters, the appropriate value 

of }C is difficult to determine objectively, since it ·varies 

with overconsolidation ratio. Hodified theory by Roscoe and 

Burland, and Karube's theory also have the same problem concerning 

the value of K . 
The present author derived a new stress-strain equation 

under th~ assumptions as shown in the following section. 

Special features of the equation are as follo·ws 

1) the equation involves the dilata."f1cy function Fe t ) 
·which represent appropriately the dilatancy characteristics 

of soils, and 

2) K is not considered to be a material constant, 

but a DC'..ram.eter I'rhich is determined from the critical state 

,.. . Since> -'-he> ~ra_1ue of K thus deterr::tined is not a conal~lono __ ~ \.,-~ v 

, , b 1" } in .,..,1 ace of)( will be used rlaterial cOnS1:.a..rl~, a ne;;r sym. 0 V -- ]:'-

• • • 1 1 -r T:.'[l.e d_l· -_~, .l.!:'e-_rPc"Y"l.ce O_T +1--,.e_-; route oming .. in ·thls paper 1:.0 ma::e c_ea.,.. _ _ _ _H vJ.'_ 

Although the two paraI:1eters )( and Yare determined by different 
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ways, their functions are exactly the same in the sense of 

Cam-clay equations o 
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3.6.2 Basic assumptions 

Referring to the existing theories a .. l1d tatting F{Z) and .0 
into consideration, the present author has made follo·wing 

assumptions to derive a new stress-strain equations. 

1) Total change of void ratio during shear is represented 

by summation of void ratio change due to isotropic stress 

component (deiand that due to deviatoric one, (4e)d ,i.e. 

c!e = (de)c + Cde)cI (3-64) 

2) The change of void ratio due to isotropic stress is 

represented as .follows 

(de) = -:A.. ft c p (3-65) 

3) Dilatancy characteristics of clays are represented by 

a function of stress ratio Z ' i. e. 

Vr,-v =' F{V 
Vo 

, which gives the following equation for void ratio change 

due to deviatoric stress 

(3-66) 

4) Recoverable Co:npOl"ient of the change of void ratio 

is given as follo~s 
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(3-67) 

5) There is no recoverable component of shear strain 

during shear, and so 

(3-68 ) 

6) Normality rule can be applied to the soil if it is 

stable in the sense by Drucker(1959). 

(3-69) 
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3.603 Incremental stress-strain equations 

Total change of void ratio during shear is represented by 

using Eqsc (3-64), (3-65)and(j-66) as follows 

(3-70) 

In order to derive an equation which represents the state 

boundary surface, integration of Eq.(3-70) is made with the 

ini tial C ondi tion e = eo when r = Po and Z = 10 ,v-there 

10 is the octahedral stress ratio after completion of anisotropic 

consolidation. The result of integration is as follows 

(3-71) 

For undrained shear test, putting the conditions c? = C? and o 

F(?oJ = 0 into Eq .. (3-71), the following equation is obtained. 

(3-72 ) 

Based on the concept of Scott(1963) on the volume cha.l1ge 

in the soil structure, Tsushima a.l1d Hiya.l::a\va( 1977 ) derived a 

similar equation to Eq .. (3-72) (combining their Eq.(3) and (7), 

the same form of Eq .. (3-72) of this study is obtained), and they 

called the function l::(1) as equivalent dilatat'1CY.. In this paper, 
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it will preferably be called dilatctncy function. Ohta et ale 

(1975) developed a theory for stress-strain relationship 

for ~~isotropically consolidated clay, assuming that 

\Yhere jJ is a coefficient expressing the dilatancy intensity. 

Ohta's assumption is based on the experimental studies by 

Shibata (1963) et ale 

Fig.3-8 and Fig.3-9 illustrate the relationship between 

stress ratio ? ~~d dilatancy function F(fJ for 6 series of 

the present shear test. In compression test, the observed 

values for~(f) - 1 curves could be approximated by a straight 

line, excluding their initial parts of positive dilata~cyo 

Rata et ale (1969) inferred that the positive dilatancy would 

disappear if the strain rate is set to be very small. 

Host research Vlorkers interesred in the stress-strain behaviour 

of clays seeEl to support this inferrence, but there are some 

published data 1,'lhich are against it (e .. g. Roscoe and Thurairajah 

1964,Lambe and '.-:hitman 1969, a~d Sm'rada et ale 1977). 

I<oreover, Shibata et ale (1976) mentioned that even though the 

strain rate is set to be extremely small, the deviation of the 

observed F(Z)- Z relationship from Ohta's assumption will be 

lcu"'ge \'iith the increase of silt &"1d sand fraction of a given soilo 
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reported that the development of positive dilatancy in the initial 

part of shear increases with the increase in consolidation duration 5 

and that the influence of consolidation duration is more significant 

than that of strain rate during shea.rQ IJ:herefore, the present 

author presumes that positive dilataDcy does develop in the initial 

part of shear \'/i thin the conventional strain rate range used in the 

undrained test carried out in the present study. 

Combining Eqs .. (3-5) and (3-67), plastic volumetric strain 

increment dv-"P is given as follows 

(3-73 ) 

From Eq.(3-70) and (3-73), 

= (3-74) 

Integrating Eq.(3-67) Ylith the condition e = eo end p= Po ' 
and combining the resulting equation with Eq.(3-7l), following 

equation is obtained to represent the current yield locus" 
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(3-75) 

Accordingly, successive yield loci is given by the equation 

(3-76) 

where ~. \ is effective mea..'l1 stress at the intersection point f CJU 

of consolidation and swelling lines. 

Differentiation of Eq.(3-76) leads to 

:: (3-77 ) 

substituting Eq.(3-77) into Eq.(3-69), relationship between 

plastic strain increment ratio versus stress ratio is obtained 

as follows 

(3-78) 

and sUbstitution of Eq.(3-74) into the above equation gives 

(3-79) 

Furthermore, from Eq.(3-70) 
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(3-80) 

Since dul = 0 in the undrained test, 

~ df /)--1 -.- t Ferl ~/I}:=D 
If-eo p ~ t (3-81) 

Combining Eq. (3-81) with (3-79) and assuming e = eo , following 

incremental stress ratio-strain equation for undrained test 

is obtained. 

(3-82) 

Roscoe et ale defined the critical state to be the state 

that shear strain continues to increase without further change 

of void ratio or of the effective stresses c Considering the 

critical state to be that shear stra:Ln continues to increase 

wi thout the change of stress ratio, follm'ling condition is 

satisfied at the critical state. 

at 7=11 
(3-83) 

From Eqso(3-82) and (3-83), the parameter)) is determined as 

follows 
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(3-84) 

Thus the parameter U can be obtained by the known parameters 

A' to' !1 and FW)· 
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3 .. 6 .. 4 Determination of F(?) 

The stress-strain equation mentioned in previous section 

includes the dilatancy fUnction ~(~j~ Therefore, to describe 

accurately the stress-strain behaviour of a soil, it is necessary 

to find out the appropriate function of ~<?}to represent the 

stress-dilatancy characteristics of the soil. 

As can be seen in Figs.3-8 and 3-9, it appears almost 

impossible to approximate the stress ratio-dilatancy plot by a 

single straight line" Instead, it would be better to assume an 

appropriate curve or to approximate by a set of two straight lines. 

As a first approximation, the latter is assumed. According to 

this assumption, observed stress ratio-dilatancy relationships 

obtained from NIC and NIE tests are represented as follows 

(see Fig.3-l0). In NIC test, 

for (3-85a) 

and 

(3-85b) 

and in NIE test, 

for 
(3-86a) 
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and 

for ~ -5.1) 5:/4 (3-86b) 

1./ 

where !t and % are the stress ratios at which dilatancy 

coefficient changes its value in compression and extension test 

respectively, and f, , }lz and ~ are the dilatancy coefficients 

as shmvn in Fig.3-10, and }1c. and HI?: are equal to p at the 

critical state in compression ruld extension tests, respectively. 

stress path for NIC test is obtained by inserting Eqs.(3-85a) 

and (3-85b) into Eq.(3-72) as follows 

Combining Eqs.(3-85a) and (3-85b) with Eq~(3=82) and integrating 

the resulting equations vlith initial condition 0= ° at 1 = 0, 

equations for stress ratio-strain prediction can be derived as 

follows 

for C3-88a) 

and 
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For NIE test, similar equations as shown above can be obtained 6 
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3 .. 6" 5 I-{Z) in existing theories 

Dilatancy function ;-(Z) involved in the stress-strain equa

tions mentioned above is a function whj.ch relates the equivalent 

volumetric strain in undrained test due to octahedral shear 

stress with octahedral stress ratio. The present author inten

ded to simplify the observed f{Z) versus t curve to be represent

ed by the two strai.ght lines. Herein$ the functions equivalent 

to R{) in the existing theories are examined. 

As described before, Ohta et ale assumed that Ff() versus f 
relationship can be expressed by a single straight line. Now, 

how about in original and modified Cam-clay theories. 

1) Original Cam-clay theory 

Eq. (3-45) can be revlritten as follows 

+ 
i\-K 1J _ 
11 f - 0 

Comparison of Eq.(3-72) with the above equation leads to 

(3-89) 

Since 11 , A , )( and eo are regarded as soil constants, f{t) 
versus 2 relationship in original theory implies a single straight 

line. 
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2) i/lodified Cam-clay theory 

Undrained stress path in modified theory is given by Eq. 

(3-48), which is written as follows 

Combination of Eq.(3-72) with above equation gives 

(3-90 ) 

Relationships between f(?) versus ( by Eq. (3-89) and (3-90) 

are illustrated in Fig. 3-11. It should be noted that the latter 

part of f(Z) - ~ curve by modified theory is almost parallel to 

the straight line by original one. 
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3.6.6 COn1lJarisons of predicted with observed stress-strain 

re lati.onsh:Lj'J 

In this section, the validity of the present method for 

estimating the undrained stress-strain behaviour of isotropic ally 

consolidated clay is examined. The data used for this purpose 

are those froE1 InC-No.4, which 1;'[as also used in preceding section. 

Parameters prepared for prediction are as follovls 

l4 = 0.578 

ILl, =-0.036 

!, = 0&221 

A = 0.099 

e 1 3 7 9 o = -. :J 

'It = 0.031 

'where the lJarameters except for eo are average values obtained 

from the series of NIC test. 

Fig.3-12 shows the comparison of the calculated stress paths 

and stress ratio-strain relationship with the observed ones. 

Figs.3-13 and 3-14 illustrate another example of comparisons 

including that of NIE teste As seen from these figures, both 

calculated stress paths and stress ratio-strain curves agree 

fairly well 'with the observed ones. It is a natural result 

that the calculated stress path agrees with the observed one, 

because the predicted stress path Vias based on the measured f(1) 
versus 7) relationship. However, the fact that the calculated 

stress ratio-strain curve agrees well with the observed one 

suggests that the normality rule may be conveniently used as 
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far as the stress ratio-dilatancy characteristics could be 

closely approximated by appropriate function, in spite of some 

criticism on the validity of normality rule in soils. 
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CHAPTER N PREDICTION OF STRESS-STRAIN BEHAVIOUR OF Ko CONSOLI

DATED CLAY 

4.1 Introduction 

Geotechnical problems in practice such as slope stability 

or bearing capacity of foundation are usually solved by using 

the strength parameters obtained from triaxial compression test 

conducted under initial isotropic stress condition. However, 

the stress and strain conditions of soil elements differ from 

each other by the position they exist in situ. In general, the 

stress-strain-strength properties of soils are greatly influenced 

by the stress or strain to which they have been or \,,rill be sub

jected before or during shear 4 Although it is desirable to test 

soils under exactly the sa~e conditions as those in situ, labo

ratory strength tests are usually performed under the condition 

of isotropically consolidated triaxial compression. Therefore, 

fro~ the practical point of view, real stress-strain-strength 

properties of soils which might be obtained only by the special 

tests simulating the stress e~'rld st::::'ain conditions in situ 'would 

be conveniently related to those obtained fron conventional tests 

for design purpose Q 

In this chapter, the influence of stress condition during 

consolidation a:n,d stress sys :.e~:. G.1.lrlng shear on the undrained 



stress-strain-strength properties of saturated clay will be shown, 

and existing methods for predicting stress-strain behaviour of Ko 

consolidated clay will be outlined. Furthermore, a new method of 

prediction by using the parameters obtained from conventional tri-

axial tests a~d comparison of predicted stress-strain behaviour,by 

this method with observed one will be presented. 

'i - ':. 

-- " 



4.2 stress-strain Behaviour of Clay in Ko Consolidated Undrained 

Test 

4.2.1 Stress ratio-strain relationship and effective stress 

path 

Figs.4-1 and 4-2 illustrate the octahedral stress ratio-

strain relationship for 6 series of test. In these figures, 

? represents the ratio of octahedral shear stress ~to 

octahedral e ffecti ve normal stress r ' and 0' and Po are 

octahedral shear strain and octahedral effective normal stress 

after consolidation, respectively. As can be seen from these 

figures, the stress ratio-strain curves in each test series 

are almost the same irrespective of the magnitude of consoli-

dation pressure, and the curves of NIEL test almost coincide 

VIi th those of NIE test. 'l'his may also be true for the rela

tionship between NKoEL and NKoE test, although the scattering 

of the data is relatively large. 

In NIE and NIEL test, axial stress is equal to the minor 
/ 

principal stress ~, ru~d the other two principal stresses 
/ / 

~, G; are equal to each other in magnitude and major one, 
/' /' 

'whereas in NIC test ():; is equal to 60. In NKoE and NKoEL 

test, however, a.xial stress remains initially as major princi-

pal stress until the interchaYlge of principal stress directions 

takes place at about 0 0 5% of octahedral shear strain, and there-
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after it is transfered to minor one. On the other hand, in 

NKoC test, axial stress is always the major principal stress, 

because the interchange of principal stress directions does not 

occur in this test, and the cell pressure is always the minor 

principal stress, which is equal to the intermediate one in 

magnitude. Therefore, it can be concluded that the difference 

of stress system (or the difference of relative magnitude of 

intermediate stress) during shear affects the stress ratio-

strain relationship, but the type of stress change, i.e. in-

creasing or decreasing, in extension tests gives little influ-

ence upo:u. the stress ratio-strain properties of clay, irres-

pective of the stress system during consolidation. 

Figs o 4-3 and 4-4 show the effective stress paths in the 

octahedral stress space for 6 series of test. Figv4-5 illus

trates typical stress paths among the 6 series of test, norma

lized by the octahedral effective normal stress after consoli-

dation. Parry and Nadarajah(1973) reported that there is a 

distinct measure of symmetry about the ~ = 0 line for comp-

ression and extension test stress paths for isotropic ally con-

solidated specimens. As can be seen in Fig e 4-3 to 4-5 inclu-

si \-e, ~io~ve'ler, the test results of the -oresent author do not 

sho~ the sy~metry of stress paths. 

seen to almost coincide with , , , 
eacn o~ner. coincidence is 

8.1-20 seen between the stress teste 
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From the ~ versus 0' and (versus P relationships 

mentioned above, it may be concluded that the type of stress 

application, ieeo increasing or decreasing stress, during shear 

does not affect the effective stress-strain behaviour of clay 

irrespective of the stress system during consolidation, as far 
/ / 

as the magnitude of cr:; during shear is equal to OJ or it is 
,,-

equal to OJ. 



4.2.2 Fffective strength parameter $6/, and undrained shear 

strength 

Effective angle of shearing resistance "..-A' 'f'" determined 

from the deviator stress maximum criterion, and the ratio of 

undrained shear strength Su to effective vertical consolida

tion pressure Pll' for 6 series of test are listed in Table 4-1. 

Paying attention to the ~/ values of extension tests, those 

of NIE and NIEL are almost coincident, but those of NKoE and 

NKoEL differ as much as 8 degrees o This difference can be 

attributed to significant develoment of pore pressure in NKoEL 

test, reducing effective mean stress at failure as small as 200kPa, 

whereas the cell pressure at failure rose as high as 800 kPa o 

Thus the data points at failure concentrated around the range of 

o to 200kPa of effective mean principal stress as ShOVIll in Fig.4-4, 

and this seemed to make the calculated value of ~' larger than 

the actual one. 

Table 4-2 shows the comparison of the published data on ¢ ' 
value, where suffix C and E denote compression a.'l1d extension 

test, respectively. Although it has been reported that the 

stTess anisotTopy during consolidation does not ma.~e any differ-
I I 

ence on the 9D value in c02pression tes~ for nor2ally con-

solidated cla:y (Henkel and SOWe. 1963, Akai ru'1d Adachi 1965, 

et a1 o ), ta.~ing especially into account of the test results 

by Parry ellcl l'Yaciarajah (1973) a.'l1d tr:.ose by the ~resent author, 

i 7 .. ~·.n.101).lr;. '_"c-,+'i'1.er 'De concl'uriceQ' ""'.,fl.,,,"T. T._r.·ce ci-/ -r~lll""~ 'oo7-'n l' n com -- ~ -~~ .v _ ~- - ~- - - r v~_~~"" v_ -- .,.-

123 



I-' 
N 
\..0 

Consolo I (0 ) I (" ) ~' (0) Sin~ / (SrJ/n) ( Su/pv)~ ( SU/PV-)SL Conc1:i.U.on ¢c ¢,:: EL c sin¢f. lJ' C 

r,so. 30.6 L,.LI·.2 4L, .• L~ 0.73 0.383 0.382 0.405 

Ko 26 0 8 30.2 38.5 0.90 0.301 0.192 0.235 

Iso. ('76) 3L,·.5 h6.1 0.79 0.40 0.38 

Ko (176) 32.0 L,.2. L~ 0.79 0.32 0.21 

Table 4-1 strength parameters obtained from6 series of test on Sample No.4 
including those from earlier ones (Kitago et al., 1976) 

Su.c/SUE. l r (%) 

0.95 ~·9 

1.57 h9 

1.05 20 

1.52 20 
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e 160) ( r 60) (, 73) ( '65) ( '74) ( 177) (t76) ( 165) ( '63) 
Consolo 
Condition Iso. Iso. Iso. KO KO KO Iso. Iso. Iso. Iso, 

cPc
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Sin <71/ . <A/ c StYl F 
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Table L~-2 Comparison of published data on strength parameters obtained from undrained 

compression and extension tests 

Bi'oms 
et ale 

e '65) 

Iso, 

29,2 

36,0 
0.83 

0.4-3 

0.31f· 

1.26 

25 



pression and extension are affected to a certain degree by the 

stress anisotropy during consolidation. 

Fig o 4-6 illustrates the comparison of 1:/ values between 

compression and extension tests. The values with cross mark 

in this figure were obtained from the experiments using clay

glass beads mixtures (Kitago et ale 1978) which indicate that 

the ratio of the ¢; to ¢~ decreases with the increase in 

plasticity index. The test results by other reseach workers 

on clay, however, do not exihibit a distinct trend. In any 

case, the difference between r+.' d 'f"c an a'/ . 
YE. 1.S greater in Ko 

consolidated clay than in isotropically consolidated one o 

Comparison of published data of undrained shear strength 

in com:9ression with those in extension is shown in Table 4-2. 

Fig.4-7 also illustrates the published data on this subject 

including those of the present author. From this figure and Table 

4-2, it can be seen that the value OfSU~~ is greatly influ-

enced by the difference of stress system, especially in Ko 

consolidated clay. 1add(1973) performed 3 series of consoli-

dated undrained test and presented the undrained strength ratio 

of triaxial compression to direct shear, and the ratio of tri-

axial extension to direct shear.. He concluded t:t1at each ratio 

a~JI)ro8.cl~e s asyrrrptotic ally to unity as the :91astici ty index of 

clay increases o Solid line in ?ig84-7 is ootained by using 

average values of Ladd's data.. Cross ~ar~s in this figure are 

the o.ata on clay-glass beads r:lixtures :::e:'ltioned a':::love.. Al though 

the ~ata points of present aathar ~~cluding tiose by other 
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research v[orkers have considerable deviation fron Ladd' s experi-

mental line, they have a general trend that the ratio approaches 

to unity TIith the increase of plasticity index. 

Parry (1971) deduced an equation to represent the ratio 

of S()./~ in compression to that in extension, assurning that 
if / 

the value of ¢ is independent of stress paths. However, as 

mentioned previously, the value of y61 is affected by stress 

system during shear, and so his equation can not always be app-

lied to estimate the undrained strength ratio as already pointed 

out by Shibata (1975) and 1'.ii tachi et ale (1976). 

Recently, I·Iikasa et ale (1978) re-oorted that the SI.1/t;;. 
ratio for Ko consolidated specimen is almost equal to that for 

isotropically consolidated one, especially for clays with 

higher plasticity (PI = 755{, ). This fact and the trend shown 

in Fig.4-7 may probably be subjected to comn-lOn rule, i.e. the 

higher the plasticity of clay, the smaller the influences of 

stress anisotropy during consolidation and stress system during 

shear on the undrained strengt~ 



4.3 Existing !·IethoQs for Estimating Stress-Strain Behaviour 

of Ko Consolidated Clay 

In the Cam-clay model, normally consolidated clay is idea-

lized as an elastoplastic material exhibiting isotropic strain 

hardening. 

Sekiguchi and Ohta (1977) explained the inadequacy of the 

assumption that the yield loci expand isotropically with the 

increase of plastic strain, as follows. 

A clay specimen consolidated under Ko condition along 

the line 0-13. in Fig.4-8 is now considered. According to the 

Cam-clay model, the specimen undergoes successive yielding in 

the process of consolidation, and the yield loci expand exactly 

in the same manner on both compressional and extensional sides, 

while the straining is carried out on the compressional side 

only. ~hus the yield loci OBA, OCA are symmetric about the 
/' ~ /' / 

axis of 0; = or ,where ~ and Ur are the effective axial 

and radial stresses, respectively. 

Undrained stress path in undrained extension test start-

ing at point a is predicted as follows. As mentioned above, the 

yield loci have already ex:pa'1d, on the extensional side, to the 

curve OCA. ~he2.1efore, yielding would not occur until the 

effective stress patn touches the yield. locus eCA. 'i.'nis meac.'1S 

should. folIo','! line a-b, on vlhich the r:lear~ effective stress p 
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remains unchanged, because non-occurrence of yielding under un-

drained conditions leads neither to plastic nor to elastic chan-

ges in volumetric strain. And after reaching the yield locus OCA, 

the undrained effective stress path will now follow curve b-c, 

and finally reach a critical state at point c. 

In Ko consolidated undrained compression test, on the other 

hand, an effective stress path predicted by the Cam-clay model 

is curve a-d in Fig.4-8. It should be noted that the curves a-d 
/ , 

and b-c are symmetric about the axis of (Ja = (J,. • 

There are a number of experimental evidence indicating that 

in normally Ko consolidated clays, effective stress path during 

undrained extension test is something like the dotted curve in 

Fig.4-8, being far from the curve a-b-c aforementioned. As 

implied in Fig.4-8, the Cam-clay model predicts that undrained 

strength of a Ko consolidated clay in extension test is the same 

as that in compression test. However, the experimental results 

mentioned previously in section 4.2 shoVls the distinct aniso-

tropy in undrained strength of Ko consolidated clay~ 

Sekiguchi and Ohta suggested that such inadequacy of assuming 

isotropic strain hardening for Ko consolidated clays mentioned 

above are primarily due to ignoring the influence of the inter-

ch2illge of ~rincipal stress directions on their dilatancy chara-

cteristics .. 

They assumed. as 
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oV = I- d Z 
under 'active loading', where f increases from its initial 

value, and 

under 'passive loading', where Z decreases initially from its 

initial value. They also assumed that the soil constants ~ , 

K and f- remain essentially unchanged. 

Pender(1978) proposed a model for the behaviour of aniso-

tropically overconsolidated soil. Proposed model is based on 

four assumptions, three of which are the same as in original 

and modified Cam-clay theories. In addition to these assump-

tions, three hypotheses were built up. Second and third hypothe-

ses are as follows. 

The second hypothesis is that the generalized form of the 

undrained stress path is 

f. '7-% )2 
\ A/:f-io j l-fip~ 

,,( -b /,. , 
l 

I - (~//j/; 
/ fCS ) 

where 1'?-- is the value of effective :::S3.rl pri!'lcipal stresses at 
rc..~ 

the point on the critical state corresponding to the 

current void ratio a..Yld _4. is +1 for loading to'.'rards the critical 



state in compression and -1 for extension o 

The third hypothesis is that the ratio of plastic distorsion 

increl:lent to the volumetric strain increment is given by 

= (Iff! -rtf 

Above equation is the generalization of the equation in Table 

3-1. 

In order to predict the stress-strain behaviour of aniso-

tropically consolidated clay by using this model, four soil 

constants are required.. These are /vi , A , K and p , which 

are the same parameters needed for the Cam-clay models. 

The predicting methods by Sekiguchi and Ohta, and by Pender 

both have the same problem concerning the determination of the 

value of }C as in the predicting method of the stress-strain 

behaviour of isotropically consolidated clay. 

Lewin (1975) suggested a method to obtain the undrained 

stress path for anisotropic ally consolidated clay using that of 

isotropic ally consolidated clay. Proposed method, which is based 

on the extensive experiments (Lewin and Burland 1970, and Lewin 

1973), is as follows. Rendulic stress path for isotropically 

consolidated undrained test is regarded as being symmetrical 

about the space diagonal o For a specimen consolidated aDiso-

tropically along the anisotropic consolidation line at ~~ angle 

C-\' to S"D9 .. ce di8_gonal, the new axis of symmetry is drawn at an 



angle f3 from the 'hinge point' taken to be halfway along the 

space diagonal (see Fig. Lj--9). rrhen stress path for anisotropic

ally consolidated specimen is produced by rotating the stress path 

for isotropic ally consolidated specimen by the angle & about the 

hinge point, where the relationship between cJ and 13 for a soil 

must in adv~~ce be determined experimentallyo 

-; .. -.., 
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404 Proposed Hethod for Predicting the Stress-Strain Behaviour 

of Ko Consolidated Clay 

4.4.1 Assumptions 

Referring to the methods mentioned above, the present author 

made following hypotheses in order to establish the predicting 

method of stress-strain relationship for Ko consolidated clay. 

1) Stress path for Ko consolidated compression test 

Stress path for NKJ C test in fifo - 7Jt co-ordinate is 

similar to that obtained by rotating the NIC stress path by an 

angle ~ after shifting the NIC stress path from the point 

(1,0) to (1, % ), where 

and to a...n.d '2: are the octahedral normal and shear stresses 

after Ko consolidation. 

2) stress path for Ko consoliaated extension test 

Stress Dath is sir:1ila.r to that obtained by rotating the 

=H:2 stress path by a...'1 a...'1g1e e~-:2 , after shifting the NIE stress 

in accition, the effective 

mea...'1 stress at failure is equal to that of isotropically consoli-

eated specir1en. 



1\'[0 hypotheses mentioned above are based on the follo\,ling 

consideration that the stress-strain-strength properties of 

initially Ko consolidated clay are clearly different from iso-

tropica~ly consolidated clay due not only to induced anisotropic 

stress system but also to structural anisotropy developed during 

consolidation. The present author assumed that the stress anisotropy 

is covered by shifting the starting point of shear from T ~ 0 

pla~e to 7= GDplane. Although quantitative evaluation of 

structural anisotropy is a difficult problem to solve, it may 

roughly be done as follows. structural difference between test 

specimens after Ko and isotropic consolidation appears markedly 

in compression test, because the direction of major principal 

stress during shear is the same as that in consolidation. 

Therefore, the structural difference for this case is assumed as 

being expressed by the magnitude of rotating angle eo. On the 

other hand, structural difference between NIE and NKoE almost 

disappears during initial part of shear, during which interchange 

of principal stress directions occurs, and the stress-strain 

behaviour during latter part of shear is almost the same in two 

tests, especially at critical state. These considerations lead to 

the assumption that the difference may roughly be expressed by 

the angle e(z an.d the effective mean stress at failure in NKoE 

test is almost equal to that in HIE test. 
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4.4.2 Predicted stress-strain behaviour 

Based on the preceding hypotheses, prediction of NKoC and 

NK E stress-strain relationship using NIC and HIE test data o 

\vill be made. 

1) Prediction of stress-strain behaviour from NIC test data 

As shmm in preceding section, stress ratio-dilataYlcy chara

cteristics in NrC test is expressed approximately by Eq. (3-85). 

Shifting these relations from f{ZJ = 0 at ? = 0 to ffj} = 0 at 

7 = ~ , following equations are obtained. 
u (0 

for (4-10.) 

(4-lb) 

Octahedral effective normal and shear stresses normalized by 

the ini tia1 octahedral normal stress Po at any value of 1 (1(/'10) 
after shifting the NrC stress path are represented, referring 

to Eq. (3-72), as follows 

71 
'-/';; = 
/ I G 

1'7 .If>" / 

!' Irr I I 
L. I 0 

step is to ro~a~e 

ll. I, ---;-.., 

(4-20.) 

(4-2b) 



the }Joint (l,'o/ro) 0 Then, the co-ordinates of stress Doint after 

rotation are represented, referring to Fig. 4-10, as follows 

where 

3 -
I -
\ 

Combination of ~qs. (3-72) with (3-93'0) gives a 

relationship, ai'1d nerr dilatancy equations equivalent 

can also be obtained as folloVls 

for 

(4-3a) 

(4-3b) 

,"1,=>\,:.07) I ij-e'~,l)~ lJ __ 1;;''((1-/ _o'~L 

t n (7 8 r
) o 1:,q. :J-:7 

(4-4'0) 

/ / / 

?al~a::1et8rs ~ J It, 8nc~ /12,ar8 equivalent to IiI ,/~ 21::~ /~ L1 Bqs. (4-1a) 
. / 

3.: (~-lo), res~Jecti\rel~,7o ~_ r~e'.,·.- .3t~8r-~ v~·:. ~)e~1~a~·.~~et·3I'/1 is o-bte~illed 

"-J'T '_f"l.T.T ::' r) - Ifi ';nTr> '''os )J .J 1....1: .., ...., :.;! - /1.// -.1... __ ,J v -1 _ $ 
( 2' ~. -' (' :: \ --', -~.:.. -.... - .. , l' 
\~:-- ) c:UlLl \L;--..I). .r ,,1.:.. ,-,~"e.r:,_ore, re?_aclng 

/ --¥/ / '-' / 

tIle \le.~L.1).e /t1 aIlcl {(lljilL 

is o":Jta.ined. 

/ 
'\ 1 

1./ 

o (:::,-3:':') ::~T 1-/ 8nc~ t{ff) following equation 

(4-5) 
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Combination of Eqs. (4- LI-) 8,: (4-5) with Eq. (3-82) and integration 

of the res(J.lting equations vrith initial condition 0' = 0 at 

2 = 10 ' c:';):~lo\'fing stress 

ed clay c~~ be obtained. 

ratio-strain 

for 

equations for ~ consolidato 

(4-6a) 

2) Prediction of NKoE stress-strain behaviour from NIE test data 

stress-strain prediction of NK E test using HIE test data 
- 0 

c~~ be performed by almost the same procedure as in compression 

test, except that the angle of rotation is .~ and the effective 

mean stress at failure is set to be equal in NIE and :NK E test. o 

The comparison of the stress paths and stress ratio-strain 

curves for NKoC & NKoE tests predicted by the present method 

with those observed indicates fairly good agreement as shovm 

in Figs.4-11 & 4-12. By the way, the values of strength 
/ 

parameter ILl for NKoC ~~d NKoE in Fig. 4-11 are the predicted 

ones, ·while the corresponding observed average values are given 

previously in Fig" 4-4.. Comparison of these values with each other 

indicates a good agreement o 

Therefore, estimation is now possible on the undrained 

comnression and extension stress-strain-strength behaviour 
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of Ko consolidated clay using the data obtained from isotropic ally 

consolidated undrained compression and extension tests. Parameters 

needed for estimation are the coefficient of earth pressure at rest 

Ko , strength parameter M , compression index A. and dilatancy 

function feZ). 



CHAPTER V STRESS-STRAIN-STRENGTH BEHAVIOUR OF CLAY UNDER 

PLAi'TE STRAIN CONDITION 

5.1 Introduction 

In order to estimate the in situ behaviour of soils from 

laboratory test results, it is essential to test them under 

exactly the same conditions as exist in situ. Although the 

deformation conditions of soil in the majority of field problems 

closely approximate to those of plane strain, test data concern

ing the shear strength characteristics of cohesive soil under 

plane strain condition are limited in number. Above all, the data 

obtained under Ko consolidated plane strain extension condition 

are extremely limited. 

Four series of consolidated undrained test under the condition 

of plane strain with pore water pressure measurement were performed 

on a saturated remolded clay to investigate the correlation of 

triaxial and plane strain test results. Based on the experimental 

results, a tentative method for predicting stress-strain behaviour 

of Ko normally consolidated plane strain condition by using the 

parameters obtained from conventional triaxial test is presented., 
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5.2 Observed stress-strain-strength Behaviour of Clay in Plane 

strain Test 

/ 

5.2.1 Effective strength parameter ¢ and undrained shear 

strength 

Table 5-1 shoVls strength parameters obtained from Ko consol

idated plane strain tests including those from isotropic ally and 

Ko consolidated axi-symmetrical triaxial tests. The ratio of un

drained shear strength Su to effective vertical consolidation 

pressure ~~ in isotropically consolidated clay is almost the same 

in compression and extension. But in Ko consolidated clay, 5~v 

in compression is greater than that in extension by about 35% for 

pl~ne strain and 60% for axi-symmetrical triaxial tests. It has 

been reported that the clay particles orientate perpendicular to 

the direction of major principal stress during anisotropic con-

solidation.. This fact may have resulted in great strength ani-

sotropy of Ko consolidated clay. Effective angle of shearing 

resistance 96' in extension is larger than that in compression 

by more than 10 degrees for both Ko consolidated plane strain 

a:ld isotropically consolidated tria.."'{ial tests. These results 

coincic.e \'iith those from Bro~J.s and CE,s':Ja::::'i8.21 (1965) in isotropically 

consolidated clay ~nd 1add(1973), ?8.rry and ?Tadaraj~'rJ.(1973), 

Karube(1975) suggested follo'.7i:c:.;: SGUa:Clon reyresenting the 



rpest Condition NIC NIE NKoC NKoE NCP NEP 

Stj/pv 0.383 0.382 0.309 0.192 0.350 0.261 

¢/ ( 0) 30.6 L~LI·. 2 28.1 30.2 33.4· 51.0 

1. 1 

\.11 
\. J I 

Af 0.8LI- 1.12 1.2LI- 0.93 1.06 0.89 

M 0.578 0.533 0.526 0.Lt-06 0.523 0.576 

'['able 5-1 ,strength parameters obtained from 6 series of .test on Sample No.4 



strength ratio of undrained compression and extension based on the 

Cam-clay equation and several assumptions, including one in which 
I I cP is assumed as a rnaterial constant , irrespective of stress paths" 

(5-1) 

where 

IV! 

Parry(1971) deduced following equations to represent undrained 

strength ratio ofaxi-symmetrical compressi9n and extension, ,and 

that of a.xi-symmetrical compression and plane strain, assuming 

that q) / and effective mean stress at failure are independent of 

stress paths. 

= (5-2) 

where 

ill ::: 
(5-3) 

Figo5-1 is the plot of 'Ll,ndrained strength ratio to effective 

a n ~l:::;:, 0-" s'nea7'i 'ng 7'es; ~tarn"':::;:, O·b.!- a-i ?1P'"' -"-""0'-" -;:'r= (;::; I) .:nn~l .:.-0....... ..!.. - - -- - < _b v........ L. ..;.,.!_ ..... ""I. l...:.. ~~~ ........;~ .,/-_ CA....!. v_ (5-2) , 

anet the author's test results. 30:::e d:'screY9.'::1c:'es seen in the 
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figure between predicted values and experimental data might 

I 
have come from the fact that the two assumptions on y6 and 

effective mean prinCipal stress are not satisfied simulta:.r1eouslyo 

Recently, Prevost(l979) derived following equations repre-

senting undrained shear strength of plane strain compression 

and extension test as a function of undrained shear strength in 

axi-symmetrical triaxial compression and extension test. 

(Sup)c = If (5uc + SUE) + + (Suc- Sw;) 

(SUP)E= "I (SUC.+SUE) - ~ (Sue-SUE) 

Calculation of the values OfS~ in NCP and ~~P test by using the 

above equations with observed data of NKoC and NKoE test in Table 

5-1 gives 0.348 and 0.231, respectively. Comparison of these 

values with observed ones in Table 5-1 indicates a good agreement, 

especially in NCP test. 
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5.2.2 Formalized stress-strain behaviour 

stress-strain data of the present test were obtained for 

more than three steps of consolidation pressure, and for each 

consolidation pressure two tests were carried out. Typical stress-

strain behaviour normalized by preshear effective stress are 

discussed in this section. 

Fig.5-2 illustrates the relationship betueen stress differ

ence 1~-Ox.1 nor;Tlalized by preshear vertical effective stress (O{jc 
and &"{ial strain Ez. The curves vrith cross mark nere obtained 

frO;:l a:xi-s~Ti]metrical triaxial tests. This figure indicates that 

log~~~)t versus ~g relationship is independent of consoli

dation pressure, and the r:'lagni tude of strain at failure in c Oii1-

pression test is smaller in plane strain (4 to 5%) than that in 

axi-syr::lmetrical test (> 6%). Henkel and Vlade (1966) reported 

similar results. Decrease in stress difference after its -oea1;:. 

has been reached is 'more distir..ct in HC:? than in NIeoC test. In 

extension test, the interchange of principal stress directions 

occurs at about 0.4% axial strain in NEP and 0.85~ in NKoE test. 

And Deal'\: stress difference tal'ees place at 6 to 8% of axial strain 

in _, 

extension test, it is seen 

+-11a+'f\;.-~I:;in CO~-fl-"i .... c.sc:ion +-es+ i~ z_yap'Q,t.P._~""" t._"(:~(1_ t~_'1~+v l·~ extp._wn_s-io'_n_ 
v"_ IJ :\);2:- V.I., -"" ",,!.-'-'-' '-'- - v v -~ ~ _v -- - -~ C, H --'-

test at any vertical strain. Vai6, a.:::-~:i ::;a:':.:pa::lella(1974) re-oorted 

SJ~ lctr results, usin:s u_~~dis:'u.r8ec~ c2.e.:.r s:geCi~~e~l. 
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Stress ratio 1 versus shear strain 0' relationship for normally 

consolidated plrule strain tests mentioned above in octahedral stress 

plane is shown in Fig. 5-3, where octahedral shear stress ?: , effect-

ive normal stress p and shear strain {[ are defined as follows. 

(5-4) 

(5-5) 

(5-6) 

Relationships between octahedral shear strain and axial strain 

in axi-symmetrical and plane strain tests under undrained con-

dition are expressed as follows. 

/ 
for axi-symmetrical test (5-7) 

for pla~e strain test (5-8) 

In cor~uression test $ { versus {[ curve in pla..'1e strain test is 

ali:lOst icientical vri th that in axi-symmetrical test, \'fhereas in 

extension test such a coincidence cannot be observed. Rather, 
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there exists a great difference in ~ versus '0 relationship 

beti'Jeen NE? a..:n.d NKoE tests, i .. e.. L does not reduce to zero in 

NEP, vrhereas it does reduce to zero in NKoE test when crz becomes 

equal to ();c during unloading~ /1.1 , the maximum value of Z 
for the present tests, are computed as shovm in Table 5-1. 

Fig.5-4 illustrates Z versus ar relationship for over-

consolidated plane strain compression and extension tests, where n 
denotes overconsolidation ratio. Although it cannot be concluded 

whether the Z versus r curves in plane strain test coincide 

Vii th those in CL"'Ci-symmetrical test not sho\'ln in this figure, because 

of the lack of test data of plane strain test at the same value of 

n in axi-symmetrical test, there was a case that the Z versus 

() curve in plane strain test at 11 = 4.9 almost coincide with 

that in axi-symmetrical test at n = 4.2. It is natural that the 

stress ratio versus strain relationships at small strain in two 

types of test for different value of n are different from one 

another, since the preshear stress ratio differs from one another. 

It is seen in Fig.5-4 that stress ratio versus strain curves for 

n ~ 6 converge to a single curve at 0> 10% in tviO types of test. 

Al though there appears a clear pea~ in f versus if curves in 

compression test , it cannot be found in extension test. It is 

noticeable that even the curve of n = 9.9 in c08pression test 

becomes close to that of normally consolidated clay at large strain .. 

1}:1 Fig" 5-5, the incre![,ent of octS.!:1edral shear stress normalized 

by octahedral normal stress after c8~solidation is plotted against 

shear strain.. In connection to the ex:pression of octa.1-}edral shear 

stress increment, the following three eaua~lons have been suggested" 
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(5-9) 

(5-10) 

(5-11) 

Comparing Eqso(5-9) with (5-11), in compression 

test. In extension test, 4L3 continues to increase even after 

interchange of principal stress directions, whereas ..6 2j and L1 L2 

turn to decrease. Therefore, Eq.(5-11) has been adopted in this 

paper to represent the increment of octahedral shear stress. 

Fig.5-5 shows that the octahedral shear stress increment in plane 

strain test is almost identical with that in axi-symmetrical test 

for both compression and extension condition. 

The values of m ( = (J~Io-: + ~ ) for normally consolidated 

plane strain test are plotted against ~~ial strain in Figo5-6, 

where YfJ is a measure of the relative magnitude of effective 

intermediate principal stress during shear. It should be noted 
/ 

that ~ ",'ias not al','iays the inter:nediate principal stress during 
ii 

extension .L. ' l-es(; as shown later in Fig .. 5-l7. In co:npression test, 

the value of m decreases slig~tly in the initia.l part of shear 

anci. then increases gradually with axial strain.. T~lis tendency is 
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also evident in the report by Henkel and Wade (1966). Campanella 

and Vaid (1973) reported that the value of rn remained const8-nt 

throughout the test irrespective of stress system (compression or 

extension). In the present test, it increased up to 0.6 at 5 % 

axial strain in extension test. As the stress condition of the 

specimen consolidated under K condition is o = 

the value of Yin immediately after consolidation is equal to 

m = G'i/(J: +er; = Ko/J +1<0· Based on the elastic theory, 

Cornforth (1964) derived a relationship between intermediate 

principal stress and the other two as follows. 

ko " , 
/ + Ko ({jj + G3 ) (5-12) 

Table 5-2 shows the comparison of the values ever reported on m 
Ko and Ko;1 +~, respectively. 

Fig o 5-7 illustrates the value of m versus f,:g relation-

ship for overconsolidated pl8-ne strain compression and extension 

tests. In compression test, the value of Yr1 at eZ = 0 is 

equal to K0 +Ko and decreases to m :.... 003 at small strain. 

But Yt1 value at ~Z > 10 % is equal to 0 0 35 to 0.37 and is almost 

constant irrespeGtive of overconsolidation ratio. Calculation of 

the value Df K}1 +Kooy using the mean value of Ko = 0 .. 53 in normally 

consolidated clay gives the value of 0.35 0 ~his value is nearly 

equal to the YfJ value at ~;<> 10 -



I··' 
(J\ 

"<I 

Authors Ko Ko/l+1<O me 

Present Author 0.52 0 .. 3LI- 0.32 

Henkel & Wade (166) 0.58 0.37 O.LtO 

Campanella & Vaid (' 73) 0.55 0.35 0.36 

Sketchley 8< Bransby (, 73) 0.64 0.39 O"LtO 

fPable 5-2 Comparison of the values of m , Ko and Ko/l+Ko' repecti vely 

YYlr=. 

0.61 

0.39 

O.~-O 
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According to their experimental data on lightly overconsoli-

dated ( n < 4 ) clay, Sketchley and Bransby (1973) suggested that 

the value of m at failure converges to a constant value ( m 
0 0 4 ) irrespective of compression or extension test. On the other 

hand, the value of Yn in extension test obtained from the author's 

experimental results greatly differs from that of compression test. 

Namely, the initial slope of n1 versus E.~ curve increases with 

the value of Yl and m converges about 0.7 at the strain 

greater than 8 %0 

Ohta et alo (1975) derived an equation v/hich gives information 

about the relative magnitude of intermediate principal stress during 

plane strain test, based on the follovring assumption. Although 

the intermediate principal strain increment d 8 2 = 0 in plane 

strain test , it VIas assumed that the plastic component of d ~2 is 

approximately equal to zero, which inlplies that both recoverable 

and plastic component of d~2 are simultaneously equal to zero. 

Then the stress state under plane strain condition should satisfy 

the folloDing equation, assuming f as plastic potential. 

o (5-13) 

:<eferring to Roscoe et al. (1963)9 2.nd Otta et ale (1975), 

the nresent author derived follo~ing equation representing succe-

ssive yield loci for non-:lally consolic.9::'ed clay as stated in 

- .... ,-.. 

! ~-' - .... : .. 



A-~ !J P 
.f..rz -

/ + eo Poi 
(3-76 bis) 

Parameter 2) vihose functions are exactly the same as K in 

the sense of Cam-clay equations, is determined by the following 

equation., 

(3-84 bis) 

Thus the plastic potential of normally consolidated clay 

including both compression and extension side is represented as 

follovlS • 

(5-14) 

Applying the condition expressed by Eq.(5-13) to Eq.(5-14), follow-

ing equation is obtained. 

/ 

cr2 3m { /I.-}J - I 1" Z (1+ eo)F'(?) p /+m 

Eq. (5-15) is essentially the same as Eq.(38) 

Combination of 

m-

:Sq. (3-84) ·:lith a-oove eQ.0..atio~ 
/ 

1 ~ rJ f LI F (M) ~ YJ 1 
-r- L iVI F/ ('l) T L J 

;p1j (5-15) 

by Ohta et alo (1975) • 

gives 

(5-16) 



Ohta et alo assumed that F{1J versus 

expressed by a single straight line as 

relationship can be 

(5-17) 

where fA is a coefficient expressing the dilatancy intensity. 

In original Cam-clay theory, {(!Jcan be written as follows. 

(3-89 bis) 

Since M , /\. and K are regarded as soil constants, F(1)ver

sus { relationship shown above implies a single straight line 

as mentioned in section 306.5. By the way, f(1)versus f relation

ship in modified Cam-clay theory is given as follows. 

(3-90 bis) 

F(? ) versus Z relationship obtained from normally consolidated 

plane strain test results is conveniently approximated by a set 

of straight lines as shown in next section, and so F(?) in Eq. (3-76) 

ca~ be replaced by a straight line equationo This leads to a conc-
/ / 

lusion in Eq. (5-16) that F (/1)= F (1) = a constant, which gives a 

simplified expression for m as follonco 

Yn= 
1i=1 (M":f1) 

2~1 (fv/i-y() 
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In order to obtain the value of »1 during plane strain test for 

Ko consolidated clay, '1 and !1 must be replaced by ( 7 - 10 ) 
and ()v/ - 1c.J ) respectively ~ since the dilatancy function F(Z) 
i;oEq 0 (3-76) is concerned VIi th the shear test starting from '( = 

t, 0 Therefore, Eq.(5-18) is rewritten as follows. 

J7!- (5-19) 

2 ± (P-f.Jj{fl-/oJ 'f(!-;Uj 
value of lrl at completion of Ko consolidation is re-

presented by octahedral stress ratio after consolidation as folloVls o 

(5-20) 

On the other hand, »1 value obtained from Eq.(5-19) by inserting 

1 = /0 is computed as 1/2. As the initial value of i1l 
after Ko consolidation can never be equal to 1/2 except for the 

case of Ko = 1, Eq.(5-19) must be modified by the magnitude of 

( rrlo - 1/2 ). Therefore, a tentative expression of rIJ for Ko 

consolidated plane strain test vrill be as follovrs. 

11/- I 'f C1-7D) j(N -Jo) "Cl1oJ j 
2- + (1 -t~) lCl1-7vj + (7-'/0) ) 

(5-21) 

COrt1-oarison of calculated values of 'Ill by Eq. (5-21) with obser-

ved ones 1.'Jill be shown in latter ]?B_rt of this chaptero 

Figo5-: illustrates the relationship between pore water 

172 



1--' 
.. <J 
\)1 

r-----~-----r----~------~--0.3ri-----,------~----~----~------
AU 

(cri)c 

1--1- Test No. «(Ji~)C(kPa)4- 0.21- ~ 
[0 41 378 I I 

NEP {&. 21 588 
NKoE x 46 767 

---I----I----\-----t-- 0.1-1 f ...... I~ 
X'" 

/ 

/x_x-x-x'~ 

x/x 

Test No. (mi)C(kPa) 

{
o 18 305 

--1--- NCP 6. 15 417 

NKoC x 20 358 

~I-I 1---1 

--........ ~ Ez (0/0) 

-10 -8 -6 -4 -2 o 2 4 6 B 10 

li'ig.5-8 Pore pressure change in normally consolidated plane strain tests 



pressure change tJU normalized by the preshear effective verti

cal stress (rsi)c, and axial strain Cz . In compression test, 

LlU increases with axial strain and it reaches maximum at about 

6% strain in HCP and 8% in NKoC test. The difference of the mag-

nitude of strain at maximum pore pressure in NCP and NKoC may be 

attributed to the difference of the strain at which maximum st-

ress difference occurs. The difference of pore pressure develop-

ment in NCP and NKoC test at any equal strain may be due to the rela

tive magnitude of intermediate principal stress. In NEP test, 

LJL{ decreases rapidly till about -1.0% axial strain and then 

increases slightly and becomes almost constant at larger strain. 

In NKoE test, the pattern of pore pressure change is almost the 

same as in HEP test, but the magnitude of change is almost one 

half of the NEP test. From these test results it can be conc-

luded that the influence of deformation condition (axi-symmetri-

calor plane strain condition) upon the development of pore prs-

ssure is greater in extension than in compression. 

Undrained stress paths in octahedral stress plane obtained 

from four types of test are shorm in Fig.5-90 In compression 

test, the stress paths almost coincide with each other, as re-

ported by Shibata and Karube (1955), 2en1-:el a.!ld '.'Ia.de (1966), 

and Va.ic:. end Campa,:lella (1974) e In extension test, as stated pre-

viously, Y does not become equ8.1 to zero, and stress paths in NKoE 

ancl I'TEP test 8~fter i~ClterchaYlge Qf ~:'i~s e~l st~ess d~irections 

are appreciably different a.s rs-:]ortec. by 1[8.:"0. an::5. Campanella (1974). 

17-'-



0.5 I Test No. Po(kPa) 

{
o 1 B 213 

U
O 

NCP ~ 15 290 

0.41- NKoC D. 20 247 ~. ~"-, LrcC'O 
\ jO 41 254 I )~<,-Q. 

N EP & 21 388 :;:..l~"-
0.3 I- NKoE)( 46 508 . /. ..../, ___ 

I··' 
~ I --"' __ IY 'I 1 h'M.~ 

<I 0.2'-\11 

01 I L ·r c '* 
• ' > 

----, IIPa 

o 0.2 0.4 0.6 0.8 1.0 

l"ig. 5-9 ]~ffecti ve stress paths in octahedral stress plane 



5.203 Dilatancy characteristics 

Henkel a'1d \'Jade (1966) suggested that pore water pressure 

of saturated clay 'which develops during shear can be divided into 

two comyonents, one of which is due to the increment of mean pri-

ncipal stress and the other is due to shear stress increment as 

shovm by Eq. (5-22). 

or (5-22) 

'where a is a constant representing the dilatancy characteristics 

of a soil. Fig.5-10 shmvs the development of L1t1s in the present 

tests due to t1(: normalized by the preshear effective mean stress 

Po. In this figure, ~?: Vias computed in accordance with the 

definition represented by Eq.(5-11). It is seen from this figure 

that t:..{)s ver3US t1L relationships in plane strain compression 

and extension tests vrere substantially identical with those in 

axi-symmetrical compression and extension tests, respectively" 

Fig.5-11 is the plot of Lj/J.sj Po against octahedral shear strai n 

(J. This figure ShOVIS that for compression tests, .{j Us is 

almost identical for axi-symr:J.etrical a'1d IJlane strain condition. 
I J 

In extension tests, however, .Li Lis in p12.ne strain condition is 

larger than that in axi- sym!"1etrica1 con-::lition. Lo (1969) 3ugge-

sted that the value of L1u's (8_cco:::,di~:s to Lo' s notation, this 

represented oy /"! J 
.Ll {,,1 -



I··' 
'.-1 

-<I 

0.5 r----r----,----r--,----r---r-~ 

L\Uo/ 

0.41- /Po 

0.3' 1 

Test No. Po(kPa) ~ .. 
NCdo 18 213 GA£A 

r~ 15 290 A I 
eA.J 

NKoCO 20 247 .AX" x ex 

I 
I A A ~~ ~ X-i I I 

0.21- '-'4k . · + -lx Test No. Po{kPa) 

0.1 
{

CD 41 254 
NEP A 21 388 

I .. ~~-- NKoE x 46 508 

-~, A"lJp
o 

I 
0.2 0.3 0.4 0.5 0.6 0.7 

Fig.5-l0 Relationship between shear induced pore pressure and 

octahedral shear stress increment 



\_.1 
"'-_J 
(J) 

r i 0.5 --r---,---~r--~ 

~:1 

~ ~l ar-\l)l~r" 
~Iii.;-'& 

X-IX-X-X-XI_X,X 

" 

AUyPO 

1 
Test No. Po(kPa) 

0.4 ~Cp{O 18 213 
ID. 15 290 

NKoC x 20 247 

1----+----+----1,,-\-, ~'Jll\-J 0.3 --+-----I---+---~ 

Test No. Po(kPa) 

NEP {~ 41 254 

.& 21 38B tfil..I 

NKoE x 46 508 

--........ ~ 0(%) 

8 6 4 2 o 2 4 6 8 

Figo5-ll Shear induced pore pressure vs. octahedral shear strain 



only on the axial strain CiS and independent of deformation con

dition (axi-symmetrical or plane strain) during undrained shear. 

According to the test results shovm in Fi.gs.5-10 and 5-11, and 

Eqs.(5-7) and (5-8), it is rather concluded that the value of 

LJUs depends not on axial strain, but on both the octahedral 

shear strain and shear stress increment. 

As shown previously in chapter TIIand N effective mean stress 

during undrained shear under axi-symmetrical stress condition is 

represented by a function of octahedral stress ratio ~ .. This 

function has been called as dilatancy function by the present 

author. Noy! the influence of strain condition during shear on the 

F (f) versus 

f (1) versus 

? relationship is illustrated in Fig.5-12. Observed 

Z curves for the NCP test, likely for the NKoC test, 

could be approximated by a straight line, excluding their initial 

parts of nositive dilatancy. Those for the NEP test could also be 

approximated by a set of two straight lines. Slope of straight 

portion of ftZJ versus ( curves in compression is greater than 

that in extension. Comparing plane strain vlith axi-symmetrical 

test data, it can be concluded that the f{?) versus 7 rela

tionships in plane strain and axi-symmetrical test are similar 

in qualitative sense for both cOr:J.nression and extension test .. 

In co~~ression test, the 1 'c .!:' .!..',-,c '-'.!..~~~i ~h.!.. -n"-i 11 .... r:::/I'"7J) S_Oi)" oJ. :...".!.~ cL-.:.cc_O·_L- po-,- L-_O __ or I \...~. 

versus curves for lJCP is almost equal to that for NKoCo In 

extension test, the slope of ~E? curve be fore interch8":'l'1ge of 

principal stress directions is greater 
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but its slope after interchange of principal stress directions 

is alnost equal to that of NKoE curve. In aYlY case, as the F (2 ) 
versus Z relationship in extension test appreciably differs 

from that in compression test even in axi-symmetrical test as well 

as in plane strain test, it is concluded that dilatancy characteris-

tics of Ko consolidated clay is greatly influenced by the interchange 

of principal stress directions. 



503 Existing Theo~y for Predicting Stress-Strain Behaviour of 

Clay under Plane Strain Condition 

5.3.1 ~tress-strain equation by Roscoe and Burland 

Roscoe and Burland (1968) derived general three dimensional 

incremental stress-strain relationships by extending their Cam-

clay equation for axi-symmetrical stress condition. 

The volumetric yield locus and state boundary surface are 

represented as followse 

H* 2+ 1*2 
11-12 (f- K~) 

( 11*2~t2 ) 
where 

2 

~dp J 
p 

(5-23) 

(5-24) 



7-
Combining above two equations under the condition of !JzJ = 0, 

following equation representing incremental shear strain for 

undrained condition is obtained. 

(5-27) 

where 

ouVf: = 

The general equations shown above can be made to satisfy plane 

strain condition by setting O'E2. = 0. However, it is difficult 

to find out the relationship between effective principal stresses 

/ / ~ C /"\ C' 0, , G':2-' \1..3 and principal strains GI ' (;;2-' (.3 ,indivi-

dually. 

:Roscoe and Burla:'1.d simplified the problem by assuming that 

the recoverable components of all strains are negligible compared 

to that of plastic components. This is equivalent to assuming 

that V- is ne:71 -; o'ib1 C> cOl:lD2xed to """"'>.. r-- - -- o-...l-o -'-" - /\. • 



Introducing this assunption into the general equation mentioned 

above, equations for stress path and axial strain during shear 

under undrained plane strain condition are obtained as follows. 

vlhere 

/ ~ 

()j-G3 
2 

/ - Ko 
/ + Ko 

s= 

(5-28) 

(5-29) 

/ / 

Oi+(jj 
2 

and, So is the value of S at the completion of Ko consolidation. 
~ 

fJIoreover, intermediate effective principal stress 6; is given by 

the following equationo 

3/1~o + 2(9-2 /12)5 
2 ( M2 + 9 ) 

(5-30) 



5.3 .. 2 Stress-strain equation by Ohta et ale 

As shown previously, Ohta et al (1975) developed a stress-

strain equation for anisotropically consolidated clay .. Their equ-

ations for Q~drained stress path in octahedral stress space and 

stress ratio-strain curve after anisotropic consolidation are as 

follows. 

(5-31) 

~-IC 

{j5t~)t -? (5-32) 

(l+eJ!< -10 
where f- denotes the coefficient of dilatancy and ~o is the 

stress ratio 2 at the completion of anisotropic consolidation. 

As mentioned previously in section 5.2.2, they derived a~ equation 

which gives information about the relative magnitude of intermedi-

ate principal stress during plane strain test based on the follov1-

ing assumption. Although the intermediate principal strain inc

rement df2 = 0 in plane strain test, it was assumed that the 

plastic component of df2 is approximately equal to zero, \'lhich 

implies that both recoverable and plastic conrpo::J.ent of dE..:? are 

si;~mlta:.f1eously equal to zero. Based on this assu;,lption, inter
/ 

mediate principal stress G2 is given by the following equation .. 

/ 

0";= 
I '-J( ?-) 

f =r T {' I~ '- I T -p- r 
t IT P,.,) ,&. j 
\..} <,,-vi/ 

(5-33) 



Comparison of predicted stress-strain relationships by 

]oscoe a..i1d Burland, and by Ohta et al. with observed ones 

Figo5-13 illustrates the comparison of predicted stress-paths 

in 
I I 

<)1 , cr3 811 d (k, ~ space by the equation of Roscoe and Burla..i1d 

with observed ones e 

As shown previously in chapter ill, undrained stress path and 

stress ratio-strain curve are greatly influenced by the magnitude 

of )( • Hence, the assumption of K = 0 may be one of the causes of 

discrepancy between prediction and observation. Fig.5-14 shows the 

comparison of prediction of stress path and stress-strain curve by 

the equation of Ohta et ale with observed values. The discrepancy 

between predicted and observed stress path may be due to the differ-

ence between assumed stress ratio-dilatancy relationship with observed 

one, i.e. the development of positive dilatancy at 1m'! stress level 

was neglected in this equation. l'Ioreover, Ohta et ale assumed that 

the dilatancy coefficient ;U is not affected by the stress and strain 

conditions during consolidation and shear. According to the present 

author's test results, however,the value of f' appears to be influenced 

by these conditions. This cannot nevertheless be stated positively'due 

to the follovring reason. Although the value of f< have to be obtained 

from drained test under the condition of constant mean effective 

stress, the value of P in this test vras obtained from 03 constant 

undrained test. 

The stress ratio at critical state is represented as follows. 

/1 -
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Rata et al. (1969) described that the value of f1 calculated by 

the above equation using the observed values of , 
and eo does not coincide with observed one o Accordingly, they 

adopted such a method as to vary the value of /\ so as to let the 

calculated value of M coincide with observed one. This method 

leads to the result that the calculated undrained stress path 

can be coincident with the observed one , because there does not 

appear the value of }C in the stress-path equation. In accor-

dance with the experiment by the present author shown in the prece-

ding section, there is no evidence that the value of ;-<- is con

sta~t irrespective of the stress and strain conditions during 

consolidation and shear. Therefore, it ·would be adequate to 

deal with the value of ;< to be a variable depending on the 

conditions during consolidation ~~d shear. The value of ~(used 

in the -orediction in Fig.5-l4 vras determined so as to let the cal-

culated value of M coincide with the observed one. 

As m.entioned above, there is some ambiguity about the method 

of determination of soil consta~ts in the predicting equation of 

stress-strain behaviour by Ohta et al. 

lP-O 
-'-V..-' 



5.4 Proposed Iiiethod for Predicting stress-strain Behaviour of 

Ko Consolidated Clay under Undrained Plane Strain Condition 

The present author suggested previously, in chapter]!, a 

method of predicting stress-strain behaviour of Ko consolidated 

clay Qnder axi-symmetrical stress condition by using the parame-

ters obtained from isotropically consolidated undrained test. 

In this section, a tentative method of predicting undrained plane 

strain stress-strain behaviour will be discussed. 

As mentioned in section 5.3.1, Roscoe and Burland (1968) 

developed a method of predicting plane strain stress-strain beha-

viour, assuming that }C = 0, i.e. recoverable components of all 

strains are to be zero. In this section, the information about 

the relative rllagnitude of intermediate principal stress, which 

can be obtained by a method mentioned in previous section, is 

utilized for the present purpose, retaining k: not to be zero. 

The procedure for predicting undrained plane strain stress-

strain behaviour of Ko consolidated clay vrill be as follo·ws. 

By conducting a series of isotropic ally consolidated undrained 

compression e-.!.'1d extension tests, compression index /\ , octahe

dral stress ratio at critical state ~/~ for cor:::pression and !-IE 
for extension, and the relationship between dilata.'1cy function 

Then, und-

:::-ele,tionship for isotropically c:)::lsclic.s.tei cls.y e.re represented 
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as follows. 

e;cp [- (3-72 bis) 

(3-82 bis) 

For example, if the F(Z) versus 2 relationship is represented 

simply by a straight line equation such as ;:(Z) = ;tt(? , then 

Eq. (3-82) can easily be integrated by giving initial condition 

of '0= ° at 2 = O,and following equation will be obtained. 

0== - :~ kjt- (5-35) 

It has been assumed in section 4.4 that the stress path for Ko 

consolidated compression test (NKoC) in )In - fJ'to co-ordinate 

is similar to that obtained by rotating the stress path for iso

tropically consolidated clay onC) by an angle &0 after shift

ing the NIC stress path from the point (1,0) to ( 1, (of(: ) ,where 

and, are the oetaned:::,e.l nor:"2al shear stresses 

afts:::' ~o eonsolidatian o In the lig~t of the eXge:::'i~ental resul~ 

illustr9.ted p11eviously, the s~ress :::>atl-: fo:::, plane strain compre-



ssion eNC?) in octahedral stress pla11e is thus obtained by assu-

ming it to be identical with that for axi-symmetrical stress COl1-

d . -I.. • (',-Tr C) l L.lOn l'.Jio,-o • 

It has also been assumed that stress path for Ko consolidated 

axi-symmetrical extension test (NKoE) is similar to that obtained 

by rotating the stress path for isotropic ally consolidated clay 

(rnE) by an angle &0/2 ' after shifting the NIE stress path from 

the point (1,0) to ( 1, Z-~Po)' and that effective mean stress at 

failure in NKoE is equal to that of HIE test. As shovm in previous 

section, the stress paths for plane strain extension a11d axi-

symmetrical extension are appreciably different from each other, 

especially for the path after interchange of principal stress 

directions. Therefore, following assumptions are made to 

determine approximately the stress path for plane strain ext en-

sion test, as far as the present tests are concerned. As already 

stated and can be seen in Fig.5-9, the stress path for NEP test 

in octahedral stress plane does not have a point of Z = 0, and 

stress ratio ~I ,at which interchange of principal stress 

directions takes place, is roughly equal to 20% of the value of 

HE obtained from NKoE tests. If it is assumed that the length 

of stress path for 'iTS? test is nearly equal to that for NKoE test, 

tte stress ratio ,rv1c: in NEP test is to be gl~eater by about 40% tha..YJ. '-
that in 1-;;:<::0:8 test.. Thus, the unkr1mrn qua..'1tity of IvfE and f, in NRD 

test C8ll be obtained by using lECoE test data. Fig .. 5-15 illustrates 

schematically the j-(rJ) versus r; 
(. L 

relationship S h 0";'1 i on 1<'i 0' 5-"'.1.2 _.. t, ~ __ .L- -b" 0 

- "'~ 1 ~/ -./-
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curve of NEP test after interchange of The slope of f{Z} versus 1 
principal stress directidfis is almost equal to that of NKoE, and 

the slope of NEP test curve before the interchange is greater than 

that of NKoE test .. Therefore, the folloVling method can be proposed 

to estimate rev vs. Z relationship of NEP test. From the ff()vs. 

Z curve of NKoE, the value of f(1z)iS obtained by setting fz :::O.~. 
Then f(f)vs. Z curve of 1TEP test before interchange of principal 

stress directions is obtained by connecting the points ( Z/::: 
0.211£, F{?:;,) and ( 7(;> , 0 ) by a straight line. f(f) vs. Z 
curve of NEP test after interchange of principal stress directions 

can simply be obtained by extending the ~(1)vs. ~ curve of NKoE 

test up to the point ~ :::1.4~. Thus the octahedral stress ratio VS o 

strain relationship and stress path in octahedral stress plane 

can be obtained by using Eqs.(3-72) and (5-35). 

Any information other than those on octahedral stress ratio 

versus strain and stress path are not needed to obtain undrained 

stress-strain behaviour under axi-symmetrical stress condition. 

In order to describe undrained stress-strain behaviour of clay 

under plane strain condition, however, it is essential to know 

further the relative magnitude of intermediate principal stress. 

In this paper, Eq.(5-21) is used to estimate the intermediate princi-

pal stress at a~y value of octahedral stress ratio Z .. 
Effective principal stresses normalized by the preshear 

effective me&~ stress Po during undrained pla~e strain tests 

C &~ be o-Jtained by the known parameter 

According to the definition of Z 
z ' Yrl and r as follows. 
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J / 2( / 1)2 ( / It ~ (OX -6M-) + Oi-~ ~ G£-o;; 

Inserting Eq .. (5-3) into above equation, following equation is 

obtained. 

/ 
(5-36) 

I+T!? 

CO;ilbination of Eq. (5-3) with (5-5) gives 

Effective principal stresses normalized by the preshear effective 

mea.11 stress are obtained by combining Eq. (5-36) with (5-37) as 

follm'fs. 

(5-38) 

(5-39) 

(5-40) 



The comparison of the effective stress vs. axial strain curves 

of undrained pla~e strain compression predicted by the present 

method with those observed is shown in Fig. 5-16. Solid lines 

are obtained by using the observed ~ vs. (f' and ~ vs. 1)1;; 
data of NkoC test and Eqs. (5-21), (5-38), (5-39), and (5-40), 

whereas dotted lines are obtained by using the observed parruneters 

from NrC test and Eqs. (5-21) to (5-40). Predicted curves by 

using NKoC test agree well 'with the observed ones, especially for 
/ / 

(J"o/t and 9t curves. Therefore, undrained plane strain stress-

strain behaviour in compression can successfully be predicted by usj.ng 

the axi-symmetrical test data. Prediction by using the parameters 

obtained from conventional isotropic ally consolidated undrained 

compression test may even be possible, although some errors might 

be accompanied. Fig. 5-17 illustrates the comparison of effective 

stress-strain curves of observed NEP test data with predicted ones 

by using the observed 1 vs. r and Ljlra vs. f;'n data of NKoE 

test and the Eqs. (5-21), (5-38), (5-39), and (5-40). Although the 

predicted values of ~/fD agree fairly well with the observed ones, 

degree of coincidence between predicted values and observed ones for 
I Ua/Po is not so good. The discrepancies between predicted and 

observed stress-strain curves ca~ be attributed to the predicted n7 

vs.. 1 relationship shown in Fig. 5-18. 

In a~y case, prediction of undrained pla~e strain stress-strain 

behaviour of clay is now possible by using the data obtainable from 

196 



1.6r-----.---~----~----~----~----~----~----~ 

\. 

" " 1.4 " 

1.3 cro/Po 

t 
1e2 

0.6 

0.5 

cry/Po 
& 

0.4 UX'/r 
~Pa 

......... ....... 
--

I 
@Aa Observed 

Predicted 

--- Predicted 

NCP Test No.i 5 

Po=290CkPa) 

-1--e 

by NKoC No.20 

by N I C test data_-l 

- -iSI- ~1 

f 
O.3~--~----~----~----~----~----~----~--~ 

a 1 2 3 4 5 6 7 8 

Fig.5-16 Observed and predicted stress-strain relationship for 

plane strain compression test 

197 



I I I I 
NEP - · N k1 Observed Predicted lest: 0 .. 

fTx/po m ---
1.3;· Po=254(kPa) 

crY/Po A ---

(Ji/Po (1) 

1.1 

AA, A A fA A A A. ...... 
A aA d 

L. 

0.5 C1l 
U) 
ClJ 6 L. ...... 

{/} 

0.3 

f e) e . 

0.1 
0 1 2 3 4 5 6 7 8 

Fig.5-l7 Observed and predicted stress-strain relationship for 

plane strain extension test 

198 



0.9.----r----~--~----~----~----

Calculated --
0.8 Observed o NCP No.15 

o NEP No.41 

0.7 
m 

1 
ME 

0.6 -+---.-+----+-~___f--_+_-----!~-f 

o ? 
I o 0 

0.5 

0.4 

0.3 

...... TL 
0.2~--~----~----~' ~ __ ~ ____ ~L-~ 

o 0.1 0.2 0.3 0.4 0.5 0.6 

Figo5-1S Comparison of observed and predicted 

relationships between m a.Dd ~ 



axi-symmetrical compression end extension tests under the condition 

of securing some informations on the intermediate principal stress 

and effective stress path as mentioned above. 
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CHAPT:S-;; \[ PREDICTION OF UNDRAINED SHEAR STRENGTH OF 

OVERCONSOLIDATED CLAY 

6-1 Introduction 

Excavations in saturated clay deposits lead to gradual decrease 

in shearing resistance of the clay due to s\,velling. So-called 

!llong term II type problems correspond to such cases and effective 

strength parameters C/ and ¢ / have been proposed to apply to this 

type of problems ( Bishop and Bjerrum, 1960). In such cases, the 

failure of the clay layer is assumed to occur at a sufficiently 

slow rate so that little or no excess pore pressures are developed, 

and the pore pressures used to calculate the effective normal 

stresses acting on the potential failure surface are those corres-

ponding to the ground water table or steady state seepage. 

How"ever, there is no evidence that the failure of the clay layer 

occurs at a sufficiently slow rate as in a drained test. I·Ioreover, 

it is very difficult, in general, to measure accurately small values 
/ 

of cohesion intercept C (Ladd, 1971), Therefore, taking the posi-

tion that the stability problems should always be treated conserva

tively, it might be more practical to apply the n = 0 aYlalysis 

to the long term type problem, based on the estimation of the rate 

of decrease in undrained shear strength Su in relation to over-

consolidation ratio a 

In this chapter, chai1ge in und:.~ained strength due to consoli-

d8.tioD. and swelling obtained. fro~':: -::~:e c:-:,)s:c:",:::si"ltal results I"iill be 

,.... ') 
'-- v_ 



shown, and the coefficient of earth pressure at rest Ko and the pore 

pressure coefficient A at failure will be discussed in relation to 

overconsolidation ratio. Furthermore, a simple method of predicting 

in situ undrained strength of overconsolidated clay by using the 

data from a series of conventional laboratory test will be presented. 



6.2 SU/~_ in overconsolidated clay 

In order to find the relationship between the ratio SiR .... in 

overconsolidated clay and that in normally consolidated clay, 

assumptions are made as follows (refer to Fig.6-1) , where ~_ is 

preshear effective stress. 

(1) In normal consolidation state, the relation between water 

content tar after consolidation and effective vertical consolidation 

pressure ~ is represented by a straight line in semi-logarithmic fc 
plot. And the slope of this line, i.e. compression index Cc- ' 
is a constant for a given clay, irrespective of the stress systems 

during consolidation. 

(2) In overconsolid~tion state , the relation between water content 

uJ after svrelling and effective vertical sVlelling pressure t is 

also represented apprOXimately by a straight line in semi-logarithmic 

plot. And the inclination of this line, i.e. swelling index ~ 

is a constant for a given clay, irrespective of the stress systems 

in swellirtg process. 

(3) In normally consolidated clay, 'lAi 
parallel to the ]A) versus ~ tv line 

/ / I tJ is ( (jj +()J ) / 2, and <Si aDd 

versus .£o! ft line is 

mentioned above, where 
/ OJ are the major and 

minor principal effective stresses e_t failure , respectively. 

(4) In overconsolidated clay, 0 versus ~ f
t 

relationship is 

apprOXimated by a straight line within the ra:..1.ga of n -< 100 In 

this study, a symbol c~ is ap~lied to the slope of this line. 
J 
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Based on these assumptions, relationship between Suyt, versus 

Sunl.{V'
n 

f 11 /'/J can be derived as 0 .... ows, where subscripts 1 and J2 
represent the state of normal and overconsolidation, respectively. 

According to Hvorslev failure criterion, following equation 

is obtained l'eferringto Hohr's .stress circle in Fig.6-2. 

Su -

or 

0/-63 
2 

/ / 

0/+03 
2 

(6-1) 

'where Ce al1d·cfe. are effective cohesion and effective angle of 

internal friction, respectively. }( is the coefficient of 
/ 

cohesion, al1d 6e is the equivalent consolidation pressure. 

In this paper, effective vertical stress is adopted as equivalent 

consolidation pressure. Idealized relationships 

2~ ~~,and W versus ~ 1 are illustrated in 

this figure, following equations are obtained • 

Co:rloine.tion of 72. = .-JrJb /;.t ""l·.L h q t/, .1 L.~. 
/ t-. 
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for W versus 

Fig. 6-3. From 

Eq. (6-2) , gives 

(6-3 ) 
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obtained 

p = Cjt into Eq. (6-2), following equation is 
f 

And putting 

(6-4) 

The ratio of undrained shear strength SU~ to effective 

SVI elling pressure fc at point C in Fig. 6-3 is expressed as 

follows. Since the equivalent consolidation pressure at point C 

is fa ,following equation is obtained on re ferring to Eq.. (6-1). 

(6-5) 

Hean\'lhile, combination of. Eqs. (6-3), (6-4) and lZ = o/g gives 

/-p 
?2 (6-6) 

Substituting these into Eq. (6-5), following equation is derived. 

s(.(~ = (C 7l'-"5 Got t ~ rt-p/Mn fe (6-7) 

On the other ha..11.d, Sr;t~)- at point h ,-;fhich is in the state 

of nor~al consolidation, is represented as follows. 

(6-8) 
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Introducing the assumption that within the ra.'1.ge of 

12 < 10 into Eq. (6-7), following equation is obtained. 

(6-9) 

Therefore, from Eqs. (6-8) and (6-9) following approximate equation 

is derived. 

In general, 

/- ~ n (6-10) 

This equation is valid for any clay provided that the clay satisfies 

the assumptions (1) through (4) and the condition ~ " f 0 
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6.3 Pore Water Pressure &YJ.c1 Ef fecti ve Stresses in Overconsolidated 

Undrained Test under Axi-symmetrical Triaxial Condition 

6.3.1 Relationship between water content and preshear effective 

stress 

It was reported that the relationship between the water 

content and the average consolidation pressure in K o 

consolidation was almost identical with that in isotropic consoli-

dation ( Henkel and Sowa, 1963 ). 

Fig. 6-4 illustrates the u) versus ~f? relationship for 4 

tests (Results ofoedometertest are also plotted in this figure). 

For Ko test, 0 is plotted against both vertical and average 

effective stresses. In the consolidation range, w- versus ~~ 
lines are almost parallel and Ko consolidation gives lower water 

content when compared to that of isotropic consolidation at the 

same average effective stress. By the vlay, A.~ai and Adachi (1965) 

demonstrated that the volumetric strain in the Ko test was larger 

than that in isotropic consolidation test at the same average 

effective stress. Khera and Krizek (1967) found that the 'water 

content decreases with the increase in stress .1... .1.. 
rat.-lO at.. the same 

average effective stress. These test results indicate that the 

water content depends not only on the average effective stress 

but also on the stress ratioo 

Results such as shown in Fig. 6-L are also obtained by others 
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(e.g o Le\,lin and Burland 1970, Campanella and Vaid 1972)0 l'1oreover, 

Henkel and Sowa (1963) described their own experimental results as 
/ 

lIthe fact that the water content and f lines for both types of 

c onsolidasion al:,lQst coincide !Y1USt be regarded as fortui tusH c 

In the light of these experimental results, it will be 

reasonable to consider as follows o Since in the Ko consolidation 

there exists a volume change due to dilatancy exerted by the increase 

in deviator stress:in addition to isotropic stress, the water content 

after Ko consolidation should be lower than that in isotropic con

solidation at the same average effective stress. 

Apart from above discussion, the fact that W- versus fog Pc lines 

are almost parallel in normal consolidation range, indicates that 

co:npression index Cc- is almost constant for both Ko and isotropic 

stress conditions. And this verifies the adequacy of the preceding 

assumption (1) in section 602. 

Turning attention to w- versus 1'18 relationship in swelling 

range, their curves can be apprOXimated to straight lines within the 

range of n <: 10 0 And the lines representing U)' versus .1oJ P.s in terms 
,. 

of effective vertical swelling pressure 015 in Ko and isotropic sVlell-

ing tests are almost parallel. This means that the sVlelling index is 

constant and satisfies the assumption (2) in section 6.20 Horeover, 

~ , which is the ratio of compression index Cc to s\velling index Cs 

in terms of vertical effective stress, is almost identical for both 

Ko ~~d isotropic stress conditions. The values ~ are computed 

as 0020, 0.16 a.Ild 0 0 11 for Sample Hoo 1,2 ~'1d 3, respectively. 
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603.2 Coefficient of earth pressure at rest 

The coefficient of earth pressure at rest Ko is defined as 

the ratio of the minor principal effective stress to the major one 

after consolidation or swelling under the condition of no lateral 

straine Table 6-1 shows the average Ko value in normal consoli-

dation a~d the effective angle of shearing resistance y6~ obtained 

from NIC test. Brooker and Ireland (1965) reported that the value 

Ko in normally consolidated clay could be approximated by the 

empirical relationship 

// A/~ rI../ 
f\o - o. 95 - /""V" 'f" (6-11) 

, 
·whereas the original relationship proposed by Jaky 

\ ~./ 
1 - /JM'1 '{ (6-12) 

were more valid for cohesionless soils. 

However, A..kai and Adachi (1965) and Yamaguchi (1972) described 

that both equations were open to question because Ko value after 

consolidation were combined to the angle of shearing resista11ce at 

failure... Yamaguchi (1972) derived the equation expressing the 

relation between Ko value arId interparticle friction a11g1e ch 
ljt! ' 

~ld combining ~u a11d 96/ by Caquot's equation, he finally obtained 
I 

the following equation. 
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N 
1-' 
",J 

.sample Ko 
cf~ 

number Observe Eq.(6-12) Eq.(6-13) NIC NKoC 

1 0.45 0.40 0.39 37.2 35.1 

2 O. L~5 0.43 0.~-2 35.1 3L,-0 9 

3 o. Lf.7 O.~-l O.LI-l 36.1 34.0 

l.i- 0.52 0.49 0.48 30.6 26.8 

11able 6-1 Coefficient of earth pressure at rest and effective angle of shearing 

resistance in normally consolidated samples 



/- 0.404 ~t1 ¢ / 
I + ian ¢/ 

(6-13) 

In Table 6-1, there listed the values of Ko calculated 

by Eqs. (6-12) and (6-13) using 1/ obtained from IUC test. 

Ko values calculated by Eq. (6-]2) are closer to the observed 

ones. 

Brooker and Ireland (1965) found that the Ko values 

in overconsolidation state could be expressed by the function of 

overconsolidation ratio n aYld plasticity index Ip. 
In this section, the relationship between tRe earth pressure at 

rest in overconsolidation state kon and overconsolidation ratio 

n is investigated. 

Fig. 6-5 schematically illustrates the general trend existing 

in between observed water content and consolidation pressure, 

which can be seen in Fig. 6-4. From this figure, following equation 

is obtained. 

(6-14) 

v!here, C51 is the slope 0 f the s1.'relling line 'od which is re:9re

sented in ter2s of vertical effective stress 8..;.1.d Csm is that of 

the swelling line b'ci' in terGIS of average effective stress~ 

~hile, there exists the following relationshi:9. 

2lL~ 
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Fig.6-5 Schematic representation of ~reshear effective 

stress VS o vlater content relationship 
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(6-15) 

Combination of Eq.(6-15) with Eq.(6-14) gives 

( 
(J - esyes ) 

1+ 2kon = /+2Ko t )n 171 (6-16) 

As bd and ~d' lines intersect each other at point c , it follows 

(6-17) 

where i?b/t: = no is overconsolidation ratio at point c • 

Combination of Eqs. (6-15), (6-17) and fblt = 120 gives 

-t- (6-18) 

Putting above equation into Eq. (6-16), following equation is 

obtained. 

(6-19) 

\\'lle re 

c) =- -
(6-20) 



Comparison of Ko n values calculated by Eq. (6-20) with 

those observed in the tests are shown in Fig. 6-6, where the values 

of KOJ and no required to calculate the value of kon were read 

from Table 6-1 and Fig. 6-4, respectively. Based on the theoreti-

cal consideration, Yamanouchi and Yasuhara (1974) described that 

Ko~ is defined as Kon = f ( n, If ) 0 Further, they reviewed 

the data reported up to that time and found that the slope of 

~ ( 1 + 2 Kon ) vs • .k'd n line, i.e. ~m varies with Ip 
where, ~ m = Cslte e 

As it is apparent from the above mentj.oned investigation and 

from the data shown in Fig. 6-6 by the present author, f(on c~~ 

be expressed as a function of 1Z • But, finding out the 

dominac'1t factor, which governs the value 'J. of Yamanouchi and '?m 

, 

Yas.uhara or no in the present author r sEq. (6-20), is the subject 

for a future study. 
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Fig$6-6 Coefficient of earth pressure at rest in overconsolidation 
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6.3.3 Pore water pressure coefficient at failure 

Fig. 6-7 shows the variation of the pore water pressure 

coefficient at failure 

where the value Af at 

Af with the overconsolidation ratio ?2 , 

n = 1 ) i.e5 in normal consolidation 

state, is the average of values obtained from the tests in di-

fferent consolidation pressures. 

Curves in Fig. 6-7 were obtained by the follo'wing manner. 

As stated before, if the assumption ~ '. f is permitted, Cf 
is nearly equal to Cc, , and hence 4a is equal to ftc- in Fig~ 

6-2. For NKoC and OK C test, fta and ~ can be expressed in 
0 

terms of undrained shear strength Su. , preshear effective stress 

f ,coefficient of earth pressure at rest Ko and the pore water 

pressure coefficient at failure Af as follows. 

(6-21) 

According to Hvorslev failure criterion, undrained strength SUa. 

of normal consolidation ~ill be equal to the undrained strength 

Sut. of overconsolidation, provided that the water content at 

:point a is equal to that at 

c ondi tim: 2.110. the relationship 

follo~ing equation is obtained. 

? 1·::; ---

Rc. Putting above 
J 

721-5into Eo ~ (6-21) 
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In general 

AJa 11 - ''%Sua (/-KooJ} - 1'a4,s1l/l (/(Ol-/<D(.77'$-) 

I - f~$ua (I-Koc) n5-/ 

Arn = &,} 1-1%sw (I-Kol)j- %su/Kol-l<ann~-J 
'7 I - ~~su, (I-Kon)rz$--I 

(6-22) 

w·here subscripts 1 and n represent the state of normal and 

overconsolidation, respectively. 

For Ole test, the condition KOI = Ko rz = 1 is combined 

with Eq. (6-22), giving 

A1-j n = Af I - n i ( I - n~)- I) 1/2Sll / (6-23) 

Eq. (6-23) is substantially the same as equation (22) of Roscoe 

et ale (1958), although the form of the equation is different to 

each other. Putting the values of Afl (average value of At at 

n = 1 ), SL{YP, (shown later in Table 6-2), /-; (also shown later 

in 'Table 6-3), KO I (read fro:n Table 6-1) a...YJ.d Kon (calculated 

by Eq. 6-19) into Eqs. (6-22) and (6-23), the curves in Fig. 6-7 

As seen in the figure, the calculated values of Arn 
T 

agree well with the observed ones, especially in the number 1 

and 2 samples. 
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6.3.4 Effective stress at failure 

Fig. 6-8 represents the relation between the water content 

after consolidation or svrelling a.Dd effective stress 

is equal to the average value of major and minor where tt 
effective principal stresses at failure. From this figure, it is 

obvious that fA)' versus ~ ft lines in normally consolidated clay 

are straight and the slopes of these lines are almost equal to the 

compression index ~v. This fact satisfies the previous assump

tion (3) in section 6.2. Further, the points corresponding to OIC 

a.Dd OK C tests o are closely adjacent to the 2,.t)- versus fog 1f lines for 

NIC and NKoC test, respectively. Therefore, the previous assumption 

of approxirnate equality of ~ and f will be permitted vIithin the 

range of Yl <10. 
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6.4 Cha..nge in Undrained Triaxial Compression strength due to 

Consolidation a..nd Swelling 

The variation of the undrained strength Su with the preshear 

e ffecti ve stress -tv- is shown in Fig. 6-9 e The ratio .s~ for 

normally consolidated clay in NIC tests are 5 to 12 per cent larger 

than those in NKoC tests (see Table 6-2). These results coincide 

with that reported by others (e.g. Henkel and Sowa, 1963, Nakase 

et ale 1969). 

Fig. 6-10 illustrates the relationships between the overconsoli

dation ratio n and the normalized ratio SU!Pv- in axi-symmetrical 

triaxial compression test, in which ·Pv- is the preshear effective 

vertical stress. Broken lines are those replotted from the data 

gi ven by Ladd a..nd Foott (1974) in terms of S1k versus to 12 • 
Their data were obtained by direct simple shear test, the test 

procedure of which corresponds to the OKoC test by the present 

author.. As shown in Fig. 6-10, it is obvious that the relation 

between lcoStfpv- and ~n is represented by a straight line (the 

data for Sample No.2 were not shown in this figure because they 

fall in the same range in Sample No.1), and the line for each OKoC 

test is almost parallel to that for OIC test. Consequently, SujPv-. 
versus 1L relationhip within the range of n > 10 can be repre

sented as follows. 

(6-24) 
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Sample number 

Test 
1 2 3 

NIC 0.42 0.36 0.41 

NKoC 0.40 0.34 0 .. 36 

Table 6-2 Comparison of the ratio SUI?v- in 
NIC and NKoC tests 

Sample number 1- ~ 

1 0.80 0.81 

2 0.84 0.85 

3 0.89 0.86 

Table 6-3 Comparison of the value (1- ~ ) ao.d f 
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B 

n' (6-25) 

where, the subscripts KD and I represent the Ko and isotropic 

stress condition, respectively1and the exponent 

the slope of the ~SU;1e. versus ~ n line. 

P represents 

The form of Eqs. (6-24) and (6-25) are quite the same as Eq. 

(6-10) and the exponent f in Eqs. (6-24) and (6-25) corresponds 

to ( 1 - ~ ) in Eq. (6-10). By the way, the comparison of the 

values of ( 1 - ~ ) with those of 

agreement as shown in Table 6-3. 

13 
( 

indicates fairly gOQd 

In this study, the experimental data are limited within the 

raDge of n <10, whereas experiments in isotropic condition for wide 

range of n values up to 375 VJere carried out by Yudhbir and 

Varadaraja..'1. (1974). Their data indicate that ( SUo/1h )I values 

increase abruptly for -It value greater than about 100. In any 

case, the in situ undrained shear strength of a clay soil with any 

value of n within the range of n ::;:10 can be estimated by using 

the value (St-t! / p, ) r obtained from the conventional CU triaxial. 

compression test and ~ obtained 

that the relation between (Swift 
lished. 

\ 

from the oedometer test, provided 

) I aDd (SU'/t, ) Ko is estab-

Previously the present author (iJiitachi 8':'1d Kitago 1973) pro-
S ('> ,/ 

posed a tec.1Jo:::'8.ry method for esti!TIating the ( 0/1: )1<0 from (0i!! 1'1 )r 0 
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This method \'Jas based on the experimental results of Henkel and 

Sowa (1963) and that of the present author Oiitachi and Ueda 

1969, an.d iVlitachi and Kitago 1973) that the Vlater content in normal 

consolidation is uniquely defined by the average effective consoli-

dation pressure irrespective of the stress systems during consoli-

dation. The author's present test data indicate that the relation-

ship mentioned above is not always be satisfied. Therefore, the 

previous method of estimation lost its basis. 

Accordingly, let us now consider hO'.I[ to represent the relation 

between (Sw/ 11 in simple expression. 

From the experimental results in the past (e.g. Henkel and SOVla 

1963, Ladd 1965, Na.kase et ale 1969, Hitachi et al. 1970) the maximum 

difference between the values of (SUl/~ ) I a11.d (SUI 1ft ) Ko is 

about 20 %. Now, it should be noted that the undrained shear 

strengths Su. in SUffv. mentioned above are not the shear stresses 
o 

acting upon the failure plane,but the ones exerted on the 45 plane. 

Hikasa (1969) proposed a convenient method to obtain the Su on the 

failure plane from the conventional NIC teste His method is as 

follows (see Fig. 6-11). NIC test data are arranged as if they were 

conducted under the condition of constant average principal stress 

(In -cerms of total stress ), and the plane on which this average 

principal stress acts is presumed to be the failure plane. The 

undrained shear strength obtained by this method is 6 % less than 

that obtained by assUl::iing cPu. = O. Strictly speal-::.ing, the shear 

stress caluculated by this r:lethod is not al~'iays equal to that on the 

failure plane, but the difference bet~een the shear stress on the 
\) 

'J ~h:i.l"l t~is order 0 
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Fig.6-11 A method obtaining undrained shear strength by NrC test(Mikasa, 1969) 



On the other hand, the undrained shear strengths for stability 

computation have to be obtained from the tests in pla.l1e strain 

condition, since the conditions of mffily field problems closely 

approximate to those of plane strain. As already mentioned in 

Chapter V , investigations hitherto (e.g. Henkel and Wade, 1966, 

Kitago et ale 1973 and Vaid and Companella, 1974) show that the 

S7'f1J in plane strain condition is about 8 to 10% larger than that 

in axi-symmetrical stress condition. Therefore, it can roughly be 

assumed that both effects mentioned above cancel each other. 

Consequently, for conservative estimate, let (S{;{ tlfl) ) 1, :...
itJ'r<"o' 

, and following equation is obtained 

(6-26) 



6. 5 S~T} VGrsus n in Triaxial Extension alld Plal1e Strain Tests 

In this section, the effect of stress system during shear and, 

in addition, the effect of stress system during Ko consolidation on 

theS~\versus n. relationship will be shovm. To begin \vith, the 

relationship between consolidation pressure and undrained shear 

strength versus water content are examined? 

There are a number of experimental evidence indicating that 

consolidation pressure versus water content relationship in normally 

consolidated clay is represented by straight lines in semi-logarith-

mic plot irrespective of stress system during consolidation, i~eo 

isotropic or anisotropic stress system. Fig.6-12 illustrates the 

preshear effective stress versus water content relationship before 

shear (end of consolidation and swelling). In this case, consoli

dation pressure for Ko consolidation(radial strain is kept to be zero) 

is e ffecti ve axial stress and is e ffecti ve radial stress for Ko con

solidation (axial strain is kept to be zero), respectively. For 

isotropic and Ko consolidation in normally consolidated clay, the 

similar relationship as already mentioned in section 6.3.1 "vas obtain-

edo In Ko consolidation the data points are plotted bet'ween the u) 

versus l0if Pv- curves for isotropic and Ko consolidation tests. 

In overconsolidation state such a simple relationship as in 

normal consolidation does not appear. Even though it is assumed 

that W versus jOJ t lines are straight, the slopes of these 

lines 8.re different each other, depending on the vlay of defining 
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the consolidation (sw"elling) pressure, i. e. axial stress or radial 

stress. 

Fig.. 6-13 illustrates the relationship between water content 

versus deviatoric stress at failure. In extension test, the influ

ence of stress system during consolidation on the undrained strength 

is striking, and the undrained strength in NKE test is about twice o 

as large as th~t in NKoE test. Considering the details of NK E and o 
N~E tests, although the type of stress application is the same for 

two tests, there occurs an interchange of principal stress directions 

in NKoE test while it doesn ~ t occur in NKoE test. On the other ha..Yld, 

the interchange of principal stress directions occurs in NKoC while 

it doesn't occur in NKoC test, although the type of stress applica

tion during shear is the same for the two compression tests. As 

stated above, although the point of difference between the two 

compression tests and that of tvlO extension tests is the same, the 

strength difference between them ispronounced o One of the possible 

cause s 0 f this difference may be considered as folloVls. In c ompre-

ssion tests, the intermediate principal stress is equal to minor 

one while it is equal to major one in extension tests. 

In order to correlate the undrained shear strength Su in 

normally consolidated clay to that in o-verconsolidated clay, assump

tions (1), (2) and (3) are hold as mentioned previously in section 

6.2.. The experimental data in compression test :ind icating the 

validity of the assumption (3) has been shown previously. In ext en-

sion test, Henkel et ale (1960) has already confirmed this fact in 
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isotropically consolidated (and rebounded) undrained extension tests. 

Frorn the experimental data by the present author , it can be extended 

to Ko consolidated (and rebounded) extension tests. Fig.6-14 illust

rates the assu",ptions (1), (2) and (3) mentioned above. From this 

figure, following equation can be derived. 

Fig.6-15 illustrates Su.!YPn versus n relationship for 12 types 

of test. Depending on the way of defining the consolidation presure 

p~ and overconsolidation ratio n ,the slope and intercept of 

QoaS~ versus ~o~ n curves are different each other. One example 

for this is shown in the figure on the KoB tests. The line denoted 
/ 

by KoBC era ) is based on the way of defining 1'>1. and n by the axial 

" stress, whereas the line denoted by KoEe (Jr) is based on the radial 

stress whose direction coincides with the major principal stress 

direction at failure. For the test data other than KoB tests, con

solidation pressure and overconsolidation ratio are all defined by 

the stress whose direction coincides with the major principal stress 

direction at failure. Thus, the slopes of each tests are almost 

identical, namely p is almost constant irrespective of the stress 

system during consolidation and swelling, provided that the consoli-

dation pressure arlO. overconsolidation ratio are defined as mentioned 

above. Accordingly, undrained shear strength of overconsolidated 

clay in a..xi-symmetrical extension condition can be estitnated by the 

same method as in compression condition. 
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Figo 6-16 illustrates the ratio SW}j,Pn versus n relation

ship in pl~De strain and axi-symmetrical compression and ext en-

sion tests. Although the scattering of the data is large at n ·,10 
, , 

in compression tests, 0.44 SwYPn versus/;; 1l curve in plaYJ.e strain 
/,-,v 0 . I 

\.! 

condition is almost parallel to that in axi-symmetrical triaxial 

conditiono In extension tests, the sa~e conclusion as in compre-

ssion tests can be drawn. Therefore, the convenient method for 

estimating the undrained shear strength of overconsolidated clay 

in axi-symmetrical triaxial condition mentioned previously can be 

extended for the conditions of pl~De str8.in compression and extension, 
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6.6 Prediction of in situ Undrained Strength of Overconsoli-

dated Clay 

As shovm in previous sections, undrained strengths of over-

consolidated clay under a variety of stress conditions can be 

estimated by using the data from convetional laboratory tests. 

The procedure of estimation for the undrained compressive 

strength of overconsolidated clay is as follows o 

1) Obtain the ratio (SU~)IbY consolidating the undisturbed 

sample under the several steps of consolidation pressure which is 

greater than 1.5 to 2 times the in situ maximum past pressure 

( Ladd and Foott, 1974) and by shearing these specimen under un-

drained triaxial compression condition. 

2) From a standard oedometer test, compression and s\velling 

indices Cv and Cs are obtained. 

3) Substituting the values of (SUl/~)L' Cc and Cs into 

Eq. (6-26), (SU~~)Kocan be obtained. 

The method of prediction mentioned above is a procedure that 

may be used when the strengths have to be estimated with relatively 

high accuracy. However, triaxial and oedometer tests are not 

always be performed with ease. Accordingly a method of rough 

estimation of undrained strength by sinrpler test that can be 

performed TIithin a short period will be considered as follows. 

1) From the strength of unconfined compression test which 

is performed for normally consolidated clay and the corresponding 

value of overburden pressure, the value which corresponds to 



0.8 (SU~)I is obtained, namelY(§~A)iS regarded as equal to 

(SUI/ ~ )Ko • The reason of this treatment is that the assumption 

Su ::; gY2- gives satisfactory results in stability analysis 

( Na}case et ale 1969) .. 

2) Let the value of ( / - ~ ) be approximately equal to 

0.8 irrespective of the value of PI, because the experimental data 

by Ladd a~d the present author show that the value of ( / - S ) 
ra~ges from 0.75 to 0.86 and the difference between the values of 

true ~ and 0.8 does not yield so much error of strength estima

tion (for example, the difference of the value of SuIPll.. estimated 

by assuming I - 0.. = 0.8 and the observed value at 72 = 10 is 

about ± 10 % ). 

3) Calculate the value of (SU~)~:y setting 

Undrained strengths of overconsolidated clay in axi-symmetri-

cal and plane strain extension conditions may be estimated by 

using the relationship between the strengths in undrained compre-

ssion and extension conditions for normally consolidated clay, 

since the inclination of the ~Surt~ versus D":J n curves are almost 
(J . Irt (j 

equal in compression and extension con:litionso 
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CHAPTER I1lI CONCLUSIONS 

From the experimental data and theoretical considerations 

described so far, the following conclusions are reached o 

From the study for predicting stress-strain behaviour of iso-

tropically normally consolidated clay in CHAPTER TIl, it may be 

concluded that; 

(1) Cam-clay equations proposed by Roscoe et al. and subsequent 

equations proposed after them cannot always give good prediction 

of stress-strain behaviour of isotropic ally consolidated clay because 

of the following fundamental defects. 

a) Although the influence of the magnitude of K value on the 

prediction of the stress-strain relationships is dominant, the app

ropriate value of rc is difficult to determine objectively. 

b) As the Cam-clay equation is based on the energy concept, 

dilatancy characteristics of particular soil can not be introduced 

directly into the predicting equation. 

(2) Isotropically consolidated undrained compression and extension 

stress-strain behaviour of clay can well be described by introducing 

dilate.ncy function FC?) proposed by the present author into the pre

dicting equation and overcor:ling the de fects r1entioned above. 

From the study for stress-strain-strength behaviour of Ko normal-

ly consolidated clay in CI-LA.PT:S;:( Iv, it ::'1a] be concluded that; 

(l)The difference of stress syster1 (c05pression or extension) 
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during shear affects the effective stress-strain behaviour of clay, 

but the type of stress application, i.e. increasing or decreasing 

stress, during shear does not make any infl1.J.ence upon the stress-

strain properties of clay irrespective of the stress system during 

consolidation. 

(2) Effective angles of shearing resistance )6/ in extension tests 

are in general larger than those in compression tests, and the 1)" 
values both in compression and extension are affected to a certain 

degree by the stress anisotropy during consolidation. 

(3) Undrained shear strength 5L~ is greatly influenced by the differ-

ence of stress system during shear, especially in Ko consolidated 

clay, i.e. Sf.,( in extension test is less tha.i1. 70% of that in comp-

ression test. 

(4) stress-strain-strength behaviour of Ko consolidated clay during 

undrained compression and extension tests Cful be predicted by using 

the data obtainable from conventional isotropic ally consolidated 

undrained compression and extension tests on the same soil. 

From the study for undrained pla.."'1e strain stress-strain-strength 

behaviour of normally consolidated clay in CHAPTER V, it may be conc-

luded that; 

(1) Effective strength parameter ta"'1¢' a"'1d undrained shear strength 

Su in plane strain test are greater than those in axi-symmetrical 

tria:zie.l test in both compression Bnd extension, B.nd most markedly 

in e::~tension .. 

(2) terci1ange of princi:)al st:.ress chrections in plane strain 



extension test results in about 35% loss of undrained shear strength 

and rnore than 10 degrees increase of effective angle of shearing 

resistance in comparison \'lith plane strain compression test. 

(3) Octahedral stress ratio versus i:2train relationships and undrai-

ned stress ~aths in octahedral stress plane are almost identical for 

both triaxial and plane strain compression tests, but are appreciably 

different from each other in triaxial and plane strain extension tests Q 

(4) As dilatancy characteristics in extension appreciably differ 

from those in compression even in axi-symmetrical test as Vlell as in 

plane strain test, it may be concluded that dilatancy characteristics 

of Ko consolidated clay is greatly influenced by the interchange of 

principal stress directions e 

(5) stress-strain behaviour of Ko consolidated clay during undrai-

ned plan.e strain compression and extension tests can be predicted by 

using the data obtainable from axi-symmetrical compression and exten-

sion tests, provided that appropriate information on the intermediate 

principal stress an.a. correlation between effective stress path in 

plane strain and that in axi-symmetrical tests could be found. 

From the study for undrained shear strength of overconsolidated 

clay in CHAPTER \[, it may be concluded that; 

(1) The ratio of undrained shear strength under triazial compress-

ion condition to effective vertical swelling pressure SY1?r for over

consolidated clay can be expressed by a sirnplified equation, irres-

-gective of the stress systems during consolidation and sl,yelling~ 

By usin'Z this eq"Llation, in situ undrained shear strength of ove:L~con-." '--' 
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solidated cla.y under the condition ofaxi-syr:'!metrical compression 

condition can be estimated from the data obtained by conventional 

laboratory test o 

(2) Coefficient of earth pressure at rest Ko and pore i'iater press-

ure coefficient A at failure in overconsolidation state can both be 

exnressed as a function of overconsolidation ratio. 
J.. 

(3) Undrained shear strengths of overconsolidated clay in axi-

symmetrical and plane strain extension condition may be estimated by 

the same procedure as was done for overconsolidated clay in undrained 

triaxial compression condition. 
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