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1.1 General Description of Stress-Strain-Strength Properties

of Conesive Soils

Explication of various phenomena concerning the deformation
and feaillure of cohesive soils is essential to tackle the important
practical problems such as bearing capacity, earth pressure and
stability of slope. 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,
g

In this chapter, the major factors which affect the

-

stress~-strain-strength properties of cohesive soils and the scope
of this thesis will e outlined, Previous investigations concern-

ing these subjects will also be summarized.,

'



1.1.2 Hajor factors controlling the shear strength of cohesive
soil
As it goes without seaying that the type of soil gives great

influence on the mechanical properties of soil, the density of a
given soll 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. Vater content of a soil
is also important in relation to the drainage condition during shear,
Structure of a soil is another important factor comparable to the
density.

Defining the effective stress G’, in addition to the type
of soll, density, water content and structure, the shear strength

of soil ’Z} can be represented as follows ( Mikasa, 1962 and

1964 ).

7/
7?‘: ¥,( type of soil, density, water content, soil structure, § )

i

0 = Fo( tyve of soil, density, water content, soil structure )

These equations are considered to be fundamentals representing

shear strength of soils,



1.1.,3 Dreinage condition and stability analysis

As mentioned previously, the shear strength of soil depends
greatly upon the density., When the void of soll is filled with
water, very nmuch time is required for the soil to change its volume,
especially in cohesive soil, Therefore, the stress-strain-strength
properties of soll vary greatly depending on the drainage condition
during deformation,

According to the fact mentioned above, laboratory shear tests
of soil have been performed under one of three types of standard
drainage condition which 1s regarded approximately close to the
drainage condition in situ., These standard test conditions are as
follows,.

(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 vndrained coandition.,

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

consolidated and then sheared under drained coadition.
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Examples of typicel situations in this type of analysis
are such as the enmbankment 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 counstruction.
b) Long term stability analysis

Examples of this case are such as embankment constructed
very slowly in layers over a soft clay deposit or earth dam with
steady state seepage. Since there develop no excess pore pressure
within 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 ( i.e. the cohesion intercept Qy and angle
of shear resistance q% ) and the values of effective normal

stress acting along the potential failure surface, In order to

“
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teble or steady state seepage is used, Strength paraneters Cd
Lo -, t TN A e O ] cap Ay [ Sy A A

and §% are ovbtained Ifrom CD tests, wnilch are time consuming and



tedious. Fortunately, it has been found experimentally that the
values of Cd and Q% from CD tests are almost equal to the values
of ¢’ and 95'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 analysis.
c) Intermediate term stability analysis

In such a case that additional load is rapilidly applied to the
clay layer which has already been consolidated, there are two methods
of analysis correspond to these situations,

One method is to use the undrained shear strength Sy, 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 (¢  and

gﬁ' with the estimation of pore pressure, As in the long term ana-

lysis, the value of pore pressure is taken as steady state seepage

ct

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 effective stress with additional loading.

As described above, shear stren

o}

th parameters, drainage condi-

tion and stability analysis are closely connected with one another.



system in conventional laboratory CU test are not always the sanme

to those in situ, the validity of the strength parameters obtained
from CU test needs to be checked, particularly from the staendpoint

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

tion of tine influence of stress history and stress system during

=

parameters is

h

consolidation and shear on the magnitude of strength

one of the most important subjects of this study.

[OAY



In order to nake successful stebility analysis, accurate pre-

iction of 1 - ain rengtn prop i T i 1s needed,
d on of stress-strain strength properties of soils is needed

of

To do so, it is essential to perform the laboratory shear tests that
duplicate the in situ conditions, i.e. the following two requirements

nust be fulfilled,

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

Strictly speaking, it is imperative that anv soil samples for
laboratory shear tests have the same properties zs those in situ.
Namely, the density, water content, effective stress, solil structure
etc. should be the same, Following factors must be examined.

a) Sample disturbance

In order to obtain strength parameters in situ for a soil by

laboratory shear test, sample is first removed from some deoth of

-

the 1d by block sampling or thin wall tube sampling, and then is

an

rou

brought to the laboratory. After storing, it is trimmed and finally
mounted in the shear test apparatus. During these processes, the
sample is subjected to inevitable disturbance due to the in situ
stress release, and mechanical disturbance due to trimming and moun-
ting (Skempton and Sowe, 12635 and Ladd and Lambe, 1953).

b) Stress level and stress system during consolidation

Cenerally, in situ clay element is consolicdated under anisotronic



stress condition, 1.e. the vertical stress on the element is not

solidation pressure and the stress system during consolidation give
great influence on the stress-strain-strength properties of clay

(Henkel,1960 and Henkel and Sowa, 1943), not only the vertical stress
2 2 2

but also horizontal stress in triaxial consolidation should be the

samne as those in situe.

fect

=1y

c) Aging e
It is well known that clay soils undergo secondary consolida-
tion under the constant effective stress after dissipation of the
xcess pore pressure, Clays which exhibit secondary consolidation
generally gain in shear strength with time (Bjerrum, Simons and
Torblaa 1958, and Bjerrum and Lo, 1963%). The effect of aging on
stress—-strain and stress path behaviour is even more pronounced
(Ladd, 1971).
d) Orientation of the sample
If a clay soil has a difference in soil structure with directilon,
the stress-—-strain-strength proverties of this clay exhibit anisotrony
(Dunkan and Seed, 1966). This type of anisotropy is called "inherent!
anisotropy in contrast to the "induced" anisotropy due to the stress
systen,

(2) Perform the shear test under the same condition as will be

e sheaow tests have to be done under the same conditions

Co



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 GT' initially
acts in the vertical direction and intermediate and minor principal
stresses G}: and CE/ , respectively;act in the horizontal
direction. Typical examples of stress systems during undrained shear
are as follows ( Ladd, 1971 ).

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

The increase in the vertical stress is more than 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 triaxial compression test ( O}/ = 63/ Yo

Case (II) Under center line of a circular excavation:

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 circumstances is brought in, the soil

s ’
will be in a state of triaxial extension ( O} = 6} Yo More-

Hh

incipal stress directions does occur since

o}

over, an interchange of p

N .

the major principal effective stress now acts in the horizontal

3

direction.



Typical Stress Sysiems in the Field for a Normally
Consolidated Clay

(a) Under Centerline of a Circular Footing

U l q a0y At Failure
' v
TR7 i TROAY 1 CFI.C Cr\f
U <20h 034=02¢
! Ohe=Ko Ovc
a0v=>a0h (triaxial compression)

(b) Under Centerline of a Circular Excavation

T[T 1\‘&0—\'] At Failure
i ,
b Ove 03¢
- 20,
; T i =024
Ohc=KoOve
0
I

(triaxial extension)
{c) Under Centerline of a Strip Footing

! q lAC& At Failure
g ‘ Vv O:;C G;f
TR Wi ' T

| <40R O
3

0 |7 OhcEKo0ve

| /ZGS, 024

a0z=>a0y>40x { plane strain active)

(d) Beshind a Retaining Wali with a Passive Pressure

a0z=0 At Failure
T , g b ek B sl
ST °X Ove 03¢
B\\ ° N —— , AG;( L4
~Jde o e BV 4
L 7 {K v, 1§
|7 Ohe=nolve 7
S agy O3t
afx > 20y >20z=0 (plane strain passive)

Fig,l-1 Stress systems typically encountered in the field

10



Case (II) Under centerline of a strip footing:
This case is siwilar to that of case (I), except that
the increase in the longitudinal stress Gg/, which is inter-
/

mediate princival stress Gé in this case, is larger than that
in the transverse stress 0}; , 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 (V) Behind a retaining wall with a passive pressure

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

of principal stress directions,since the major principal stress

now 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 new direction of the principal
stresses, Thus, the stress-strain-strength properties of the soil
will be affected by the ccurrence of the interchange of principal
stress directions,

If a clay had been heavily overconsolidated under the
¥ condition, the value of KO is greater than unity, i.e. the

horizontal stress is greater than the vertical stress. Then,
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exhibited an interchange of principal stress directions, namely

/ . .
major principal stress g, would have acted in the horizontal
direction prior to loading and thereafter in the vertical direction

/
at failure. Conversely, 0; would always act in a horizontal

direction in the cases (II ) and (V).

c) Rate of strain

There can 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, 1951 ). According
to the recent experimental data, the rate of strain affects not
only the undrained strength but also the dilatancy characteristics
of clay, and 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



1.2 Brief Review of Previous Investigations

As mentioned previously, the prediction of in situ stress-

cohesive soils is essential to the

)
Lol
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O
3
o)
=
fua
=
¢}
4]
Q
Hy

strain-strengt
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, Since it 1s 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-sirength behaviour

3

2) Effect of stress system ( compression or extension )
kduring shear on the stress-strain-strength behaviour

3) Stress-strain-strength behaviour under plane strain
condition

L) Method of predicting stress-strain behaviocur of clay

15



1.2.1 Influence of stress history and stress system during

consolidation

The influence of stress anisotropy during consolidation on
the strength characteristics of cohesive so0il has been investigated
in detail for a long time, Theoretical investigation by Hansen
and Gibson (1949) is well known 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 with direction, because of the anisotropic stress system
during consolidation. 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 ﬂo condition which is representative of in situ deformation
condition during one dimensional consolidation. Akai and Adachi
(1965) investigated the one dimensional consolidation and shear
strength properties of clay by using the similar indicator as
Bishop and Henkel,

Ladd (19465) investigated the difference of strength parameters

between isotropically consolidated specimen and anisotropically

one for several cohesive soils, Iikasa et al. (1978)

c‘l-
Q.

consolidate

—

investigated the difference of S%/%p , where S, and f; are
the undrained shear strength and effective vertical consolidation

pressure respectively, between the spscimen isotropically and



anisotrovically consolidated in conjunction with the consolidation

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.
Lewin and Burland 1970, Lewin 1975, Prevost 1978 and HMroz et al.
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 known, who concluded that the
effective angle of shearing resistance 95/ is almost constant
irrespective of stress history and stress system, This experimen-
tal fact became a backbone of the effective stress analysis of
kstability computation,.

Nakase et al, (1969) studied the influence of stress aniso-
tropy during consolidation and of precomsolidation on the shear
strength parameters of cohesive soil., They suggested that even
the effective strength parameter may be affected by the anisotropic
overconsolidation, and they proposed a method of estimating the
reduction of undrained shear strength due to swelling,

Ladd and Foott (197L) performed elaborate experiments concer-
ning the undrained shear strength of anisotropically overconsoli-
ey found experimentally an unigue relationship

etween 5%/%7 versus logarithm of overconsolidation ratio (OCR).
v

15



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 Ncoorany and Seed (1965) studied the difference
between the in situ undrained shear strength and that obtained
from unconsolidated undrained test on "undisturbed" sample by
simulating the stress condition in situ and that during sampling
process in the triaxial cell. Ladd and Lambe (1963) and Okumura
(1969) Studiéd experimentally on the 'mechanical' disturbance
due to sampling and trimming operation in addition to the
disturbance due to stress release. And they proposed methods
of modification of undrained strength data obtained from standard

triaxial tests.

16
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As mentined previously, Henkel (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 isotropically 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 anisotropically consolidated
specimens differ in both compression and extension, and most

Based on the critical state concept by Roscoe et al,

(1963), Parry (1971) and Karube (1975) suggested eguations



estimating the undrained extension strength using the data from

compression test,



1.2.3 Plaene 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 al. (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 anisotropically
consolidated clay.

Shibata and Karube (1965) developed an apparatus, by which
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 plane strain test using the same type of apparatus
which was designed by Bishop and Wood and used by Cornforth (196L4)
for the test with sand specimen. It was suggested by Henkel and
Wade that the effective strength parameter tangﬁ’ and 5%//U are
about 8 % greater in plane strain test than those in axisymmetrical
triaxial test.

Campanella and Vaid (1973) further performed plamne strain
extension and triaxial extension tests in order to investigate
the influence of interchange of principel stress directions
on the stress-—strain behaviour of natural cley.

fad

Sketchley and Bransby (1973) carried out plane strain

jt
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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

Musante, 1978).
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1.2.4 Prediction of stress-—strain behaviour of cohesive soil

Since the studies by Roscoe et al., (1958), Roscoe and
Poorooshasb (1963) and Roscoe et al. (1963), who are considered
to be pioneers of this subject, investigations on this subject
has been developed rapidly and a large number of researchers
have been concerned with this problen,

The theories by Roscoe et al. (1963), which is called
original Cam-clay theory, and by Roscoe and Burland (1968) which
is called modified Cam-clay theory will be presented in detail
later in Chapter II. The theories for predicting stress-strain
behaviour of anisotropically consolidated clay, such as Ohta et al.
(1975) and Lewin(1975) will also be presented in some detail in
Chapter .

Wroth and Bassett (1965) proposed a stress-strain equation
which has a possibility to apply the overconsolidated clay ( Adachi
and 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 systen,
consolidation duration and rate of strain 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.

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 and stress system during conso-
lidation and shear on the stress-strain behaviour of saturated clay
are pronounced, 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 and stress system are taken into account. A method of predi-
cting in situ undrained strength of overconsolidated clay will also
be presented,

The composition of the present study is as follows,

In CHAPTER I, test apparatus, material used and experimental
procedure will be presented.

In CHAPTER I, original and modified Cam-clay equations by
Roscoe et al, and alternative equations proposed by other research
workers for predicting stress-strain behaviour of isotropically con-
solidated clay will first be outlined. 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, and the problems in their theories will be pointed out, and
h

(@]

HAPTER IV, the influence of stress condition 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 K, 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 Ky 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 VI, 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 K; 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 VI, conclusions drawn from this study will be

presented,
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CHAPTER T TEST APPARATUS, MATERIAL USED AND EXPERIMENTAL
PROCEDURE

2,1 Test Apparatus

Test apparatuses used in this study can be divided roughly
into two types. One is conventional triaxial compression apparatus
and the other is plane strain apparatus,

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.2-1l. 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 were 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
displacement transducers were recorded automatically by the digital
strain neter according to time intervals set prior to the start of

test,

el
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Brief explanations of the plane strain apparatus and other
equipments attached to the standard triaxial apparatuses are as
follows.

1) Ko control system

There are two kinds of method of Ky consolidation by using
triaxial apparatus. The first method is to control the axial or
lateral stress so as to keep the diaméter 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 AV of
specimen is made equal to the axial displacement 43}/ multiplied

by the original cross sectional area ,40 of the sample, i.e.

AV: Ao ) AH (2-1)

Various types of lateral strain indicator have been developed
(Bishop and Henkel 1957, Brown and Snaith 1974, El-Ruwayih 1976
and Boyce and Brown 1976) for the purpose of the first method.
Several automatic K, control systems have been proposed
(Lewin 1971, Mitachi et al. 1973, and Menzies et al. 1977) which
are attached to the conventional apparatus, and specially designed
triaxial apparatus (Campanella and Vaid, 1372) so as to establish
the condition represented by Eqg.(2-1),
Fig.2-3 schematically illustrates an equipment designed by the
oresent author (Mitachi and Kitago, 1976) for controlling automatic-

ally the X, 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 ,40 of the specimen, This equipment establishes

the Kp condition in accordance with the principle represented by
Eg.(2-1),

Viechanism of this equipment is as follows, The specimen is
mounted in a conventional triaxial cell in an usual manner and

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
specimen, At the same time, the movement of the shaft carries w

ontrol cylinder. This displacement of the control

-t
<
=
ct
)
BN
ct
ct
2
o)
(¢}

in

switeh is set to Ydark on' and the change-over switch ol the
otor to 'forwvard! so that the interception of the light of

the photo-electric switch by the mercury switches on and rotates
the notvor ii the direction compressing the soecimen, ¥, swelling



test can be performed in similar manner as the Ky consolidation

by setting the controlling unit to "light on" and the motor to
"reverse', In this case, 1f 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 (Mitachi 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 indicsior was
mounted tentatively in the triaxial cell in order to check the.magnim
tude of lateral strain during Ko consolidation which was performed
by using the automatic Ky control system., The test result is shown
in Table 2-1, It is clear that the condition of zero lateral strain
is well established by the use of automatic Ky 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 triaxial

apparatus was used after slight modification of loading ram tightly

t

with

Q.

connecte 0D Ccaps

On the oth

[0}

r hand, in such a type of extension test as axial
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Elapsed Time Radial Deformation

(kPa) (kPa) (min,) (X 1/100mm)
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
L5 13 70 +1.53
58 13 70 0.0
78 20 90 +1e3
105 27 90 +1.6
135 30 60 +1.6
170 40 60 +1.6
210 Lo 80 +1.6
250 L0 840 -25
310 60 60 0.0
LOO 90 80 0.0
500 100 1440 +24.6
Total 500 LO8&O +10,2

Total radial strain as a percentage (diameter of specimen
= 50mnm) ;

10.2x 1072
50

X100 = 0.2%

Table 2-1 Check data of the magnitude of lateral strain
during KO consolldation
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stress constant and lateral stress increased, the apparatus
shown schematically in Fig.2-5 was 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 incecrease all-round pressure.

3) Plane strain test apparatus
Plane strain compressin and extension tests were carried
out with the apparatus shown schematically in Fig.2-6lwhich
was designed taking the following consideration into account;
i) Friction between specimen and confining plates must be
made as small as possible, 1i) Control system of plane strain
condition ( i.e. intermediate principal strain g,= 0 ) must
be accurate enough, iii) For the purpose of correlations of
the plane strain test data with those of axi~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 mein parts of
this apparatus are as follows;
a) Triaxial cell and specimen; Dimension of specimen is
50x50mm in side and 120mm in height, which is very close to

that of c¢ylindrical specimen,50mm in diameter and 120mm high.
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Construction of base and top of the triaxial cell was almost the
same as that of conventional one, Lubrication by teflon sheet with
silicone grease was applied to top and bottom of the specimen,

b) Automatic K, control system; Automatic Ky control system
was connected to the triaxial cell in order to simulate the
consolidation condition in situ.

c) &, = O 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.
Specially designed bellofram cylinder installed in the pressure
cell was filled with de-aired water and at the end of bellofram
piston, thrust ball bearing was fitted. 1In Kp 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,
water supplying route to pressure cell was closed and internal
pressure developed during shear was measured by pressure trans-
ducer, 1In 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 was attached at the end of bellofram piston. Sliding
side plete as shown in Fig.2-~7 which was designed so as to move

itself freely in vertical direction as the specimen extended,
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with silicone grease were inserted between specimen and confining

o]

late, and if needed, specimen and sliding side plate to minimize

the friction between them



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 4agum size sieve and stored in the
state of slurry. Before making test specimen, the slurry were
stirred again in a soil mixer for about an hour and then transfered
vnder a vacuum to a preconsolidation cell shown in Fig. 2-8, the
diameter and the height of which are 165mm and 350mm, respectively.
Then the slurry was initially consolidated one-dimensionally undexr
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 wires attached to the end of precon-
solidation cell., Prismatic specimen of 50x120mm sided and about
70mm high is thus made., Then, the final dimension 50x50x120mm is
formed by using miter box. The situation of trimming of prismatic
specimen is shown in Fig. 2-9.
The specimens for triaxial compression and extension tests
)

were then further consolidated isotropically or anisotropically

in the triaxial cell and then sheared under undrained condition,

while specimens for plane strain tests were further consolidated

W
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o

Sample

number

Liquid
limit

52

51

72

86

Table 2~2

Plasticity
index (%)

21

21

L9

Index properties of samples

Specific
gravity

2470

2.72

2,69

2.66

Clay fraction
( <2/,(m ) %

21
19
26

70



(a) preconsolidation cell (b) extruded sample for making
triaxial test specimen

(c) triaxial 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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(b) trimming of prismatic specimen

(a) extruded specimens for HPT TieHe: BUTEE HeEt

plane strain test

¢ imen mounted on plane
(¢) specimen m p (d) plane strain test apparatus

strain test apparatus

Fig.,2-9 Situation of making prismatic specimen and specimen
mounted on plane strain test apparatus

L2



under KO condition in the plane strain apparatus and then sheared
under undrained plane strain condition,

Samples No.l,2 and 3 were mainly used for the study on the
prediction of undrained shear strength of overconsolidated clay in
axisymmetrical triaxial compression condition ( Chapter ¥ ).

Sample No.4 was mainly used for the study on the prediction of
stress—strain behaviour of isotropically and KO consolidated clay
and on the stress—strain behaviour of clay under plane strain

condition ( Chapter I, Wand V ).



2.3 Testing Method and Test Case

Four series of consolidated undrained triaxial and plane
strain test with pore water pressure measurement were performed
under following conditions:

(I) Isotropically consolidated undrained compression and
extension test series (Fig.2-10);

a) NIC Test; Specimens are consolidated isotropically and
then sheared under undrained compression by increasing axial
stress while lateral stress is maintained constant.

b) NIE Test; After isotropic consolidation, specimens 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) OIE Test; After isotropic consolidation and swelling,
specimens are sheared under undrained extension by decreasing
axial stress while lateral stress is maintained constant,

() Anisctropically consolidated undrained compression and
extension test series (i) (Fig.2-11);

a) NKoC Test; Before undrained compression by increasing

tress constant, specimens are

n

axial stress and keeping lateral



(I) Isotropically Consolidated and Rebounded Undrained
Triaxial Compression and Extension Test Series
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(IL) Anisotoropically Consolidated and Rebounded Undrained

Triaxial

Cgc

e
ﬁ O—l‘C
1

Ore\_/ (€r=0)
(Oac=>0re=KoOac)

Compression and Extension Test

f

s

Ort

=

Up (L

\!
A

(

05

f
Clgﬁm Oas
N %
. 7 A
§ - O-I'C L____?/y <€-—6_rs U.Tf
7
Ore o _A(Er=0) Ors \___/(Er=0) Oaf
(Oac>C0rc=Ko0ac) {Oas=0ac )%
\Ors =KoOas<Ore <
P
Ort
N

— Ort

| Orf

___O_rf

Ot

Series (i)

NKoC

(Oat=>0rt=0rc)

NKoE

— Orf

(Oat<Ort=0rc)

NKoEL

(Oat=Oac<Ors)

OKoC
(Oas=> Ort=0rs)

OXoL
(Oat<Ort=0rs)

Fig.2-11l Anisotropically consolidated undrained tests (i)

146



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 condition,

e) OKOE Test; After KO consolidation and swelling, specimens
are sheared under undrained extension by decreasing axial stress
while lateral stress is maintained constant.

(II) Anisotropically consolidated undrained compression and
extension test series (i) ( Fig.2-12 );

a) NKSC Test; Before undrained compression, specimens are
consolidated under Koy condition, keeping the axial strain to be
zero., Symbol K; denotes the condition of zero axial strain.

b) N?;E Test; After Kg consolidation, specimens are sheared
by decreasing axial stress while lateral stress is maintalned
constant,

c) OK;C Test; Before undrained compression by increasing axial
stress and keeping lateral stress constant, the consolidation and
following swelling are carried out under Kg condition,

¢) OX E Test; After Kg consolidation and swelling, specimens



(IIL) Anisotropically Consolidated and Rebounded Undrained

Triaxial
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are sheared under undrained extension by decreasing axial stress
while lateral stress i1s maintained constant,.

(V) Plane strain compression and extension test series ( Fig. 2-13 )3
a) NCP Test; Specimens are consolidated under KO condition and
then sheared under plane strain condition by increasing axial stress
Ox while one of the two lateral stresses Ox 1is maintained

constant.

b) NEP Test; After Ko consolidation, specimens are sheared under
plane strain condition by decreasing (Jy while 0, 1s maintained
constant.

c) OCP Test; Before undrained plane strain compression by
increasing Oz and keeping O}: 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 condition by decreasing O} while

Oz 1s maintained constant.

Test series with isotropic and K; consolidation and swelling
were carried out with conventional triaxial apparatus. In test
series with KO consolidation and swelling, the automatic KO control
system mentioned previously was connected to the conventional
triaxial epparatus just prior to KO consolidation.

For the shear stage of NIEL and NK _BEL test, the apparatus

o}
wn schematicelly in Fig., 2-5 was used to perform strain controlled
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(W)Anisoiropically Consolidated and Rebounded
Prane Strain
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Fig.2-13 Undrained »lane strain tests
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pressure and sectional area of the specimen in NIEL and NKOEl
tests changes 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.

Plane 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 water in order to avoid air entraining, and cell pressure
of 49 kPa is applied for about an hour to squeeze out the excessive
water between 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 resching 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
5 to L steps. However, the time allowed for swelling was 2L hr,
irrespective of steps in cell pressure decrease, Initial back
vressure of 95 kPa was applied to all specimens,

In all the tests other than NEP test, specimens were sheared



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 LO% of

its existing value, keeping O%:,Gk and C%’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 directionms,
respectively, in order that Cﬂg and Gg_may vary independently
during shear, Then, specimens were sheared by decreasing CES
and keeping Cgkconstant.

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 specinen.,

As there occurs the interchange of principal stress directions
in these test series, following notations were used.

In all the test series other thanplane strain test, axial
and lateral stresses are represented by CE; and 6;\, respective-
ly. Therefore, axial stress Ciiat failure is major. principal
stress in compression tests, while it is equal to minor principal
stress in extension tests.

In the plane strain test series, fixed coordinates x, y and
z were used and 2z and y direction are coincident with the verticalv
and Eg_:o direction, respectively. Stresses 6;:, Oy ana C;%in
NCP test imply minor, intermediate and major principal streséesa
respectively, whereas in NEP test, immediately after interchange
of principal stress directions, they are coincident with major,

intermediaie and minor principal stresses, respectively,
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CHAPTER TII STRESS-STRAIN-STRENGTH BrHAVIOUR 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 (e.g. Wroth,1977). In this case, as the
stress-strain characteristics of a particular soil is an input of
computer enalysis, the input data should be as uvniversal 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 so0il 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,

53



As mentioned previously, stress condition during consolidation
of earth structure as well as natural soil stratum are anisotropic,
and moreover, soil element is, for the most part, consolidated
under the condition of no lateral strain, i.e. Kg 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 make accurate prediction of
the in situ stress=strain behaviour.

As it is possible to conduct Ky 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 many cases of stability analysis, unconfined compression

strength is used and consolidated undrained type triaxial compression
test i1s performed for only a special case, and moreover, is seldom
performed the triaxial test with measurement of pore water pressure.
Taking the circumstances mentioned above into account, it will be
advisable to await to come into wide use of conventional triaxial
test, 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 constitutive equation by analyzing 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
so0oil behaviour, 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 works have been done,
intending to establish an universal constitutive equation of soil,
most of which are influenced more oOr less by the studies mentioned

above,
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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 and 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 shown
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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5.2 Original Cam-~clay Theory by Roscoe et al,.

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 inm 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 by Roscoe et al. will, first of
all, be introduced in this chapter.

Roscoe et al. 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 g
which are represented as follows by the observed values of two

V4 s
effective principal stresses (] and (3 .

Vg

9 = 07— 03 (3-1)

P

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

1

.
—5 (07 +203) (3-2)

during triaxial test for saturated normally consolidated clay
constitutes an unique curved surface, which was called "state

boundary surface'" in p, g and e space, where e 1s void ratio.



In Fig.3-1, ACEF is a part of state boundary surface and AC is
isotropic normal consolidation line. Wherein, the linearity
of e versus 1In p curve is assumed as shown by the following

equation,

e =e; = ANlnp , (3-3)

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

that the soil element subjected to shear deformation finally reaches
ultimate condition, Y“critical state'", where the element of soil
continues to deform without further change of P s g and e .

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

of this curve on the p , q plane is represented by the following

egquation

q = M *D (3"1—4‘&)

and projection onto e - 1n p plane is

e =7 =Alnrp, (3-4b)

where T7 is critical void ratio at D=1 and A is a material

constant, the same as used in Eg.(3-3).
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3e202 Definition of strain and concept of yield loci

Roscoe et al, defined the volumetric and deviatoric strain

as follows

6T
60 = - 15 ~derbntin - seeas, -9

_ / _ 2
§€=d&, - ‘3"‘52} = ‘3—(52,* Jes) (3-6)
where &, , &, and s are principal natural strains,
The reason for the choice of p , q , Jy and JE as done
in Egs. (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.,

P = (I EZB Y 65, +266,) = LH(5 i 1265 57, 26752

BIE = S0 -GN IE, ~02.) = (20182 +20 5, -20345 2002,

PIV + e = 8 dE, +203 JE,
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Roscoe et al. defined yield loci in ( e,pv,q ) space as follows,
Now, a normally consolidated clay which reached equilibrium state
( point A in Fig. 3-1 ) under isotroopic stress f% is considered,
If the isotropic stress p is first decreased and then the stress p
larger than 1% is reloaded, the stress path will become A~> B-—>
A—=C and point A is to be yield point. If the curve which include
A, B in elastic iegion is assumed to be a straight line in e-in p

plane, then the following equation is obtained, assuming x:as a

material constant.

Svrz K 5P

/+e P (3=-7)

As it was assumed that plastic deformation occurs only when
the stress state is on the state boundary surface, shear strains
exerted by the change of gq 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 which cuts the g = O 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 ﬁith shear deformation, i.e.

Sel = 0 and at 211 times §E = J&F . The projection of AF

on the ©» , g mplene is yield locus.



3.2.3 DNormality condition

When stress increment ( 5{9 y O"g ) is applied on a soil
element whose stress state is represented by a point X! (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
state" by Drucker'!s definition (1959), strain increment vector,
the components of which are represented by aQEP s Cflfﬁ , must be

normal to A'F! at point X'. Therefore,

gel dp _ !
o8 - o (EEy =L (3-8)
oV g lap ¢ |

where ( dz>/f%?>bﬁy = -—%A is the slope of the current yield locus
A'F' at the point X!,

The condition represented by Eq. (3-8) is called normality
condition. Most 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,
Lewin and Burland (1970) suggested that the normality condition

plasticity theory provides a reasonable basis for the prediction

=f

o
of shear strain. On the other hand, Lade (1976) performed a
series of consolidated undrained test with three different principal

stresses and found that the normality condition is satisfied or
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very nearly satisfied in the octahedral oplane, but not in the
triaxial plane., Therefore, 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 assumovtions in the

remainder part of this chapter.
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3.,2.4 Expression of yield locus by 95

In Fig. 3-2 slope ﬁ&fof yield locus at point X' is represented
by Eg. (3-8). And, d% = 76/)’0‘1‘ Pd?_ as g = ?79’
Combining above equation and Egq., (3-8), following equation is

obtained,

ar a7

P W =0 (3-9)

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

In ¥ - y a7 Uy v (3-10)
0 2,A+Z ’

where p 1s the effective principal mean stress at the intersection

voint 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 (Y and J§& contain plastic components 5]}# and

éﬂff , 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
a new yield locus A;g still obeying Eg., (3-10) but with g now

having a value j%-+(§ig . In other words, Eq. (3-10) can be

[)Y
=



Fig.3-2 Successive yvield loci (after Roscoe and Burland,1968)
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equation for all yield loci corresponding to all elastic

limit curves on the state boundary surface, provided that;% 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

b 4y 47, (5-10)
t. r 777

wherezﬁfi is a measure of the distance between the elastic wall
o 4 . . ] ; AT . ) . .

f@ﬁQQ!assoc1ated with point X and Az{Lj, associated with point V.

Considering the isotropic consolidation, the over all void

ratio change from pointATmaAzis

Fe =-A(dt/p, )
The elastic component of this change has already been shown to be
ger=-ic (dbt/p)

Consequently, the plastic component of the void ratio change

will be

get - go-el---x)? ﬁ//wpo (5-12)

Combining Eg,(3-11l)and(3-12), following equation is obtained.



b ey db . OT
Jge (A K)<? 50+?.) (3-13)

Therefore,

? _
Tt =- ge _ gp (3-14)

[+& /+e<10 %7

As the elastic component of the volumetric strain for the state

of sample to change from X to Y is

érz)ﬂﬂ _ ) 5719
[+€ f)

the total volumetric strain will be

Sv =Sl = 5 [01{9 ( )//)2:1 (3-15)

Considering the definition oflysand the assumption mentioned in

section 3.2.2 that &&= 0, Eq.(3-1L) gives

Ny

/ A —F ) ’b o \

cE = v e (3 7

»h :._5Q96+ED Eg, (3~15) becones

/
Cs N . D
C/ = — i i ;f// \ v (
— = 7 (= A o 3"'17)
2 P o, 20> +7
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Eq.(3-17) represents a short range of the state path between X and
¥ in Fig,(3-2), and since void ratio e is related to the equivalent

pressure fé s 1t may be written in the form

Ny

0(?8_ J(@ @) 0{9 I

= 7w (3-18)
Te N P 27&7

where the parameter fé » Which was proposed by Hvorslev(1936),

represerts 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,

bt~ LL - RFD o
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3,2.,5, Determination of éﬁ as a function of 2?

Roscoe et al. derived a relationship between éé and %?
from considerations of internal work. When an element of soil,
v

initially in equilibrium under principal effective stress ( Gf,

/ / / Ve (\N/
GE . CE ), is subjected to a stress increment ( dkﬁ', d6G , oG,
it undergoes principal strain increments of ( d}i ,CJZ} ,CfZg e
The total energy per unit volume transmitted to the soil skeleton

across its boundaries is
/ /?, 7 A /o
JdE =098 + 05 dEx + 05 5% (3-20)

As total energy d}E/is the sum of recoverable energy E§Z7énd
dissivpated energy Cﬂ%r’

TE= SU +8W )

A= 6705 + 0598 + 050G (3-21)

T & 0o P L oo p ‘el

/i GM@'MEM%+@O@
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 egquations

become
O?E/: ;b§(2/\ +g—\:~xf )
GU = POV R8T (3-22)
oW = 795‘?/*(7 . ¢f et
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From the assumption by Roscoe et al, d}frs O. Consequently

since

. K Jp
Jv' = /+e P

it follows from Eg.(3-22) that
K
o o~ .
o U = 732 Jp (3-23)

They also assumed that the dissipated energy Cﬂ%rber unit volume
of the material, when undergoing deformation (0%&‘,&15 ) at any
state (e,p,a) corresponding to a point on the state boundary
surface, is /—ZZ/‘FO‘\E .

Substituting ¢ Jff = M 70(;? and 4E = g’}ffb in Eq.(3-22), following

equation is obtained.

pet + 2208 =fpoE

Therefore, plastic strain increment ratio Cﬁ;ﬁ%%Fis as follows.

._.Z_. — DCC:,\ = -—-:.:——/—,:— (3-204)
o = 75 H=7 o

Substituting Bg.(3~2L4) into Egs.(3~11), (3-=17) and (3-19),
following equatioss for o2, 7 , yield locus and state boundary

surface as a function of p and Z? are obtained,

70



pe—L (A.-.VO/?‘-,L}‘_O%E) 525)

= [. FZ?\-u +sz?<§f9 (3-26)
APCH-7)

M JZ 7 790/? (3-27)

/= (f*/yx) Loy ©-20)

Since ¢y = 0 in undrained test, BEq.(3-25) gives

~ _MA FP
N ey P

Inserting above equation into Eq.(3~26),following equation is

obtained

Kin-x) 47

o€ = MA(1+¢e) MZ

ntegration of above equation under the initial condition £ = O

]

or 7 = 0, gives
v

) / 7
b +2) n |77

-7
W
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And it follows from Eq.(3-28) that

K=\ 7
=P, -ex g-————-——-——7 (3-30)
P=teexp | 5
Thus, the stress path and stress ratio-strain relationship of iso-~

tropically consolidated clay during undrained test can be calculated

by using Egs.(3-29) and (3-30).
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3.5 Modified Theory by Roscoe and Burland

As shown previously, the increment of work dissipated per
unit bulk volume of an isotropic continuum during deformation 5PV
can be written by using the Cambridge parameters p; q, dk}and

djf as follows,

dW = F'd“?/‘p + Z;-fff (3-31)

Assuming that there exist dissipated energy under isotropic

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

(W%:O =P apF (3-32)

At the critical state condition (? =M and = 0),Fq. (3-31)

beconmes
o = P HJE
COPW)EWP P-# (3-33)

A generalization of these two particular conditions would be

T / (CVE) + (fidet) (3-34)

Burland(1965) adopted this equation for the value of dissipated
. A -"/ ) # 3 3 H 1
energy instead of C?ﬁf::/hi55%2f71n original Cam-~clay equation,

ot , L DA . e .
Retaining the conceptc)g‘ = 0, the plastic strain increment

~3J
A\



ratio is given as follows by combining 3q.(53=3L) with Eq.(3=31},

no P 7]
L _ dES o, 27 -
= -7 o7

Burland noted that "It is important to note that Eq.(3-=3i)

represents one of many possible generalizations of Egs.(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, in any case, await
the results of further tests,particularly of the stress controlled
type." 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 al. From this table, it can be seen that the
models by Wong and Mitchell (1975), Pender(1978)and Cheney(1979)
are the modification of original Cam-clay theory and that by Eekelen
et al., (1978) is that of modified Cam-clay theory.

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

the following eXpressions may be obtained,

Job - 2K (2T 9 (52569

AR p—— -I10) %7/77 A dp] (3-37)
J



D,
Authors SE/SVP

Roscoe et al. (1963) 1/(M~7)

Roscoe & Burland (1968)| 27/(M>7?)

Wong &Mitchell  (1975) | 1=C(y5i-7)

1
Pender (1978) /(po/pcsq $M=(P/Pes)7}

Eekelen & Potts  (1978) 2('2‘/’(%)?/@%—?)

Cheney (1979) | (1-%)/(M-7)

N=1-K/n
7%5; 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



\_}J
b
N

ve - Jeto Ak (27 v 2707 9@
1v& -7 A 7y

And yield locus becomes from Eq.(3-12)

i 2
%;?Z = /7£ffz72 (3-39)

while the state boundary surface is represented as follows.

772
_ _/7__ = (3~40)
vk

Since Y= 0 in undrained test, Eg.(3-37) gives

““;VF: (/..)c/7\x Mz /Z)

Inserting above equation and integrating resulting equation under

the condition & = 0 at Z? = 0, then, following equation is

ovtalined.,

_ kO-K) 17 )
&= Iharer //4 7 ~2 0 //’/] o
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3, Comparison of Observed and Predicted Stress-Strain Behaviour
by Existing Theories
3.L.1l Introduction
The present author has long intended to find out a method to
predict the stress-strain relationship of K, 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

[~
}.J

isotropically consolidated undrained case has first been made, and

oF

hen, in order to apply this theory to the K, consolidated clay,
some modifications to the theory so as to fill up the discrepancy
which comes from the stress and the structural anisotropy
resulting from K, consolidation have been carried out.

Now, 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,.L and the computed parameters

are as follows,

]
o

= 0.578 A = 0.221 ) =0.113 S, =1.339 ,

where M 1is equal to‘7 at critical state, >\ and }C correspond
to compression and swelling indices, respectively, and €, is

void ratio after consolidation, The parameter ?? represents

the ratio of octahedral shear stress ¢ to octahedral effective

normal stress p, where ‘( and p are defined as follows,



T =300 (005 (G0 e

/ /s N .
P=0n= 3 (07+0:+03) N

By considering axi-symmetrical stress condition, it follows

from Egs.(3-1), (3-2),(3-L4a), (3-42) and (3-43) that

— R
C= -5 &
R E (3=L)
7= 57
i E

Nunerical values of ﬂ4 and ;\ given in the preceding page are average
values obtained from the series of NIC tests, Determination of the
value of ) 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

points which locate far away from the virgin consolidation line,
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5.4.,2 Prediction by original and modified Cam~clay eguation
J eq

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

Ve, = exp L(op= 1)U /] 5

K= K) oy )
J AU C) lnli //4/ C (3-46)

where af is octahedral shear strain defined as follows,

J - "3/_\/ (&-8) + (&-6) +(5-5) DD

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 }66\ = 0,3 and K%% = Oo1 with the fixed value
of "\ = 0,221 are also illustrated. Calculated stress ratio
versus sitirain curve for k;é& = 0.5 follows approximately the
Observed values, On the other hand, effective mean stress p
in the predicted stress paths monotonously decreases as shear

stress increases toward the critical state point, whereas in
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the measured stress path, p ilncreases slightly in the earlier
part of shear. Thus, the stress paths predicted by the original
theory show an appreciable difference from the observed ones,
and this can be demonstrated by the data from other tests of
the present studye.

It should be noted that the pattern of predicted stress
path and stress ratio-strain curve are greatly influenced by
the value of ki'as shown in Fig. 3-3 , i.e. the smaller value
of W gives the smaller prediction of b‘ and the greater rate
of decrease of p for a given stress ratio .

As mentioned previously, Roscoe and Burland(1968) introduced
a new energy equation to their original concept to make some
modifications to their previous theory. 'he 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

K
%90 (MQTLZ )/ A (3-148)

/ K(?\ -K) Mt ~
0 3///\/”@) Mﬁ/ %Z/ 22” ﬁ///b/] (3-149)

ige 3=4 1llustrates the comparison of observed stress paths

e

nd stress ratio-strain curves with calculated ones by the

)

above two eguations, As it was in Fig. 5-=3 , the influence of
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the magnitude of K wvalue on the prediction of the stress-

strain relationships is obviously dominant.



S5elie? Suggested methods of predicting stress—-strain behaviour

of clay by other research workers

Wroth & Bassett(l965) 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

) = __/_C_Zf/e% U T (3-50)

T=M[1-exP-Zap)] 5-51)

Wroth represents the parameter 4, for normally consolidated

undrained test by the following equation

3 M{rEINn
Z (K

Putting Eg.(3-=52) into Egs.(3-50)and(3-51), the equations quite

QO = (3=-52)

the same as Eas.(3-45)and(3-46) can be obtained,

Parameters (] and z; in the theory of Wroth and Bassett,
which was primarily concerned on sandy so0il, 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

8L



clay, ¥Wroth assumed the parameter é’to be zero, which necessi-
tated the parameter ({ to be a function of A4/, A , /l and €,.
Therefore, determination of the parameter J( in Wroth's stress-
strain equation still remains as a problem because the parameter

A , which was originally an experimental constant, became to
be dependent on the parameter K .

Ohta et al.(1975) developed a stress-strain theory for aniso-
tropically consolidated clay, extending their previous theory
(esg. Hata et al,1969) for isotropically consolidated clay.

Their equations for undrained stress path and stress ratio-strain

curve after isotropic consolidation are as follows

(e ?o)/a [n 1. e

. KM
== —5a Zﬂ//——u*‘?" 72/ (3-54)

A K

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

tion of critical state,

//{: N—K
(1€:)Y

The parameter /Q/was originally defined (shown later in section

(3-55)

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

being dependent on/éf, ?\and k: « In any case, putting Eq.(3-=55)
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into Egs,(3=53) and(3%=54), equations quite the same as Egs.(3-45)
and (3=46) can be obtained, Predicted values by the theories

of Wroth and Ohta et al. will be exactly the same as in Fig. 3-3 ,
provided that the same value of A7/ , A and JC 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

X
r- o M -

3 Z,

77/; =exXp [3.5/4;\(#@) X{%DWIO)— exXpHx) /?] (3-57)

where

=7 4 (3-58)

H

H

and ({ is an e

3.6 3 ey L7
?/E/D/(/”FEE‘/’/)r/ﬂf (3-59)

erimental parameter which 1s determined so as to
make the best fit to observed stress ratio-strain curve,

Fige. 3=~5 shows the comparison between observed and predicted
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stress path and stress ratio versus strain curve. Stress ratio-
strain curve for (X = G,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 CX .
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5.5 Modified BEquation by the Present Author

Roscoe et al, assumed that the dissipated energy is to be
5W= MP@‘&P. But, calculation based on this assumption
overpredict the magnitude of shear strain at given stress ratio,

Consequently, Roscoe and Burland newly assumed <§Iv"as follows

SW = PJ (§V*)? + (MOEPY (3-34 vis)

Eg.(3-34)was brought out from the concept that the dissipated energy
be equal to f%fpfafter isotropic consolidation and be equal tofﬁﬁﬁgﬁ
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).

OW = ?5?)? +Z§EP = \T%\/(fﬁavp-M@ép)ZJr(wﬁ)(Mo‘é’f (3-50)

where () is a positive constant.
Rearrangement of Eg.(3-60) after dividing it by f%;lfp

gives strain increment ratio as follows,

(3-61)

_oety 27 +Mim)
%A_ év:‘b‘ /f//‘?__?Zw
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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)

oo akb) (1)
(&) G e i) |

Zﬂ?=2(ﬁ/~))~ . 27:/4/‘@ . ,5/? (3-63)
v (M HY T
Fig.3-6 illustrates an example of effective stress paths during
undrained triaxial compression test for various values of w .
From this figure it is seen that the stress path for small value
of W« 1is approximate to that of original Cam-clay theory,and
the stress path is the same as that of modified Cam-clay theory
when the value @ approaches to infinity,
Fig. 3-7 shows the stress paths and stress ratio-strain
curves obtained from Egs. (3-62) and (3-63) by changing the value of
) as 5,20 and 100, Stress ratio-strain curve for @ = 5
gives the best fit., But the following fundamental defects are
still inevitable,
1) The appropriate value of } is difficult to determine

objectively, since it varies w

j~de

th overconsolidation ratio.

2) 4s this equation is based on the energy concept, dilatancy

characteristics of particular soil can not be introduced directly

g0
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In spite of those defects mentioned above, since the change
of the value of L is, in a sense, equivalent to the change of
the value of M , it would be possible to obtain a equation that

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

by changing the value of () corresponding to the change of 2?7 .



3.6 Stress-Strain Prediction with Dilatancy Function

3.,6.,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 A/ s ;\ and JC are
needed to fix. Among these parameters, the appropriate value
of }( is difficult to determine objectively, since it varies
with overconsolidation ratio, HModified 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 the assumptions as shown in the following section,

Special features of the equation are as follows

1) +the eguation involves the dilatancy function F(ZT)

which represent appropriately the dilatancy characteristics

of soils, and

cl

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

cl
]
cl
0]

but a parameter which is determined from the critical s



ways, their functions are exactly the same in the sense of

Cam-clay equations,



Basic assumptions
ing t istid heori taking ng L
Referring to the existing theories and taﬁ*nclfzz)a“

3662
into consideration, the present author has made following
(3-64)

assumptions to derive a new stress-strain equations.,
Total change of void ratio during shear is represented

1

by summation of void ratio change due to isotropic stress

)
component Qjé%gnd that due to deviatoric one, @{ejd yie€e

de = (de). + (de)y
(3-65)

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

represented as follows
de), = — x-—ﬁp
Dilatancy characteristics of clays are represented by
i.e.
or void ratio change

| 3]

|

3) Di
unction of stress ratio ? s

V.-V

a t

T
s Which gives the following equation
due to deviatoric stress

Q/ = + e a/

(@e)) = —(1+&) F(7) 7

L) Recoverable component of the change of void ratio
is given as follows

\O
o



(de) = o/f (3-67)

5) There is no recoverable component of shear strain

during shear, and so
r
(0/5‘) =0 (3-68)

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

stable in the sense by Drucker(1959).

wdvt _ dr
4t ap

(3-69)



3,605 Incremental stress-strain equatilons

Total change of void ratio during shear is represented by

using Eqs.(3-64),(3=-65)and(3=66) as follows

de =(de), + (de);- ~>\-‘§§ “(/7‘-€0>]7:/(7Z)q/7 (3-70)

In order to derive an equation which represents the state
boundary surface, integration of Eq.(3-70) is made with the
initial condition€ = &, when P = f‘o and z = Z , where
?? is the octahedral stress ratio after completion of anisotropic
o

consolidation. The result of integration is as follows

e-e, +Aﬁ,~z % + (/f«eo)m?)wf(Z)jso (3-71)

For undrained shear test, putting the conditions & = & and

Fiz7) = 0 into Eq.(3-71), the following equation is obtained,
o

-— A 3
/’(?) -~ /+E, f?’& 7?; (3-72)

Based on the concept of Scott(19563) on the volume change
in the soil structure, Tsushima and Miyakawa(l977) derived a
similar equation to Eq.(3-=72) (combining their Eq.(3) and (7),
the same form of Bg.(3=72) of this study is obtained), and they

L

. o - o /. . s .
called the 1unctlon%2&7)as equivalent dilatancy. In this paper,
=/
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it will preferably be called dilatancy function. Ohta et al.
(1975) developed a theory for stress-strain relationship

for anisotropically consolidated clay, assuming that

F(7) = (7 =7,)

where/u is a coefficient expressing the dilatancy intensity.
Ohta's assumption is based on the experimental studies by
Shibata (1963) et al,

Fig.5-8 and Fig.3-~9 illustrate the relationship between
stress ratio %7 and dilatancy function fﬂ?ﬁfor 6 series of
the present shear test. In compression test, the observed
values for}%@0- ?7curves could be approximated by a straight
line, excluding their initial parts of positive dilatancy.
Hata et al. (1969) inferred that the positive dilatancy would
disappear if the strain rate is set to be very small,
Most research workers interesred in the stress-strain behaviour
of clays seenm to support this inferrence, but there are some
published data which are against it (e.g. Roscoe and Thurairajah
1964 ,Lambe and Vhitmen 1969, and Sawada et al, 1977).
Moreover, Shibata et al, (1976) mentioned that even though the
strain rate is set to be extremely small, the deviation of the
observed FQ%’ ationship from Ohta's assumption Will be

large with the increase of silt and sand fraction of a given soil,

=
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Recently, the oresent author and his co-workers (Xitago et al. 1979)
reported that the development of positive dilatancy in the initial
part of shear increases with the increase in consolidation duration,
and that the influence of consolidation duration is more significant
than that of strain rate during shear. Therefore, the present
author presumes that positive dilatancy does develop in the initial
part of shear within the conventional strain rate range used in the
undrained test carried out in the present study.

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

increment (fZ}P is given as follows

dv? = dv~dy' - - = (de +p ‘?f) (5-73)

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

d- — /—;é—[~7\9f—2 ~(1+€ )F/(y)df‘f"))dg-J

_ o 1+e, [7\ Y dp ’*F(f)df] (3-74)

I+ ] +&,

Integrating Eq.(3-67) with the condition € = €, end Jp: fOD ,
and combining the resulting equation with Eq.(3-71), following

equation is obtained to represent the current yield locus.
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7\-- , ,/
/+6, ///z 2 +r(z) F(?) (3-75)

Accordingly, successive yield loci is given by the equation

7:6\ [ - +/L(?) ~£(7,)=0 (3-76)

where ?2& is effective mean stress at the intersection point

of consolidation and swelling lines,

Differentiation of Eq.(5~76) leads to

47 - /[‘feo ? (3-77)
ar F )

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

plastic strain increment ratio versus stress ratio is obtained

as follows

NG /
A1 ““é/-j . [ ’FM) J (3-78)

N

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

i,b__ /. /+E | A=V CJ/Q T /I:/(7) -
T3 e [ e, p 7%/}//)7#/?) ap T

+Co

_\{

d

P

Furthermore, from Eq, (3=70)



- "o?/@: A [i,ib IE(Z)J/7 (3-80)

[+E5 [+ (fo

Since QQ}’: O in the undrained test,

A d'pfF(Z)”/f (3-81)

/1€, P

Combining Eq.(3-81) with (3-79) and assuming &€ = &, , following
incremental stress ratio-strain equation for undrained test

is obtained.

v [ F[W] ;
JM “/J 37\ 7/Lff) /-[—€ %/ o

Roscoe et al, 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, Considering the
critical state to be that shear strain continues to increase
without the change of stress ratio, following condition is

satisfied at the critical state,.
n/f/)
\/5{@' | M (3-83)

From Egs.(3-82) and (3=83), the parameter )) is determined as

follows

104



V= N—(It &)MF@‘/} (3-81)

Thus the parameter D can be obtained by the known parameters

A v o M emd F{H).
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3¢604 Determination of ;Qf?)

The stress-strain equation mentioned in previous section
includes the dilatancy function Fr(ng Therefore, to describe
accurately the stress-=strain behaviour of a soil, it is necessary
to find out the appropriate function of f%f))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.3-10). In NIC test,

5(7) = /c//? for 0 = ?;\:Z (5-852)

and

[}
O
3

B =K1K

1S9 <4, (5-85D)

and in NIE test,

(3~86a)

;a(?) 2//4? for O

A
A \\3

HA
NS
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Fige5~10 Schematic diagram of stress ratio vs. dilatancy



and

/EQ(Z):///Z “"/{.3 @7‘7}) for Z_ :gﬁ <Y (5-86D)

where 22 and ?Z-are the stress ratios at which dilatancy
coefficient changes its value in compression and extension test

respectively, and’/4 ,/Qé_and//y are the dilatancy coefficients
as shown in Fig.5-10, and‘/f and /%E are equal to at the

critical state in compression and extension tests, respectively.

Stress path for NIC test is obtained by inserting Egs.(3-85a)
and (3-85b) into Eq.(3=72) as follows

%bo: 67%0[“ (/’1"?)/// ?] for 0 §/§Z (3-87a)

(A e G AT

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

the resulting equations with initial condition a/; 0 at = 0,
equations for stress ratio-strain prediction can be derived as
follows
AV
a / l /%é e , for 0§?§?/ (3-88a)
MAaT- 72
and
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7\
/'(7 /1"8 ‘
2771 7\"’3 for 7Z/<? §/\46 (5-88b)

— U ﬁ +ei
DA ‘%X-{; / 51‘7/"{ /MZ/ 7\ / /’( [/7 Y

For NIE test, similar equations as shown above can be obtained.
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3665 %{%ﬂ)in existing theories

Dilatancy functionf%?)involved in the stress-=strain equa=-
tions mentioned above is a function which 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%%y versus 27 curve to be represent-
ed by the two straight lines. Herein, the functions equivalent
to f%?):rn the existing theories are examined,

As described before, Ohta et al. assumed that 77?7 versusZV
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 rewritten as follows

. ~)KC
S

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

7/ 7&'”’k: -
/—{Z): M(1+E) Z oo

Since ﬂ4 , 7\ , W and &, are regarded as soll constants, f?g?}

versus ?’ relationship in original theory implies a single straight

line,



2) Modified Cam=~clay theory
Undrained stress path in modified theory is given by Eq.

(3-48), which is written as follows

N O, + 1 f (75 =

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

o FELp O] o

Relationships between.f%ﬁ?)versus 27 by Eqe(3=89) and (3-90)

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

art of £ - curve by modified theory is almost parallel to
p

the straight line by original one.
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3.6.6 Comparisons of predicted with observed stress—strain

relationship

In this section, the validity of the present method for
estimating the undrained stress-strain behaviour of isotropically
consolidated clay is examined. The data used for this purpose

hose from iHIC-No.l, which was also used in preceding section,

ct

are

Parameters prepared for prediction are as follows

M = 0.578 T\ = 0221 €, = 1.339
M, =-0.036 M, = 0099 7, =o0.031

where the parameters except for &, are average values obtained
from the series of NIC test.

Fige.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 1llustrate another example of comparisons

iy

including that of NIE test. 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,

joB

icte

[oR

because the pre ! stress path was based on the measured }:C?)

ko’
I

versus ‘67 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
O 1% y
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far as the stress ratio-dilatancy characteristics could be
closely approximated by appropriate function, in spite of sonme

criticism on the validity of normality rule in soils,
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CHAPTER IV PREDICTION OF STRESS~-STRAIN BEHAVIOUR OF Ky CONSOLI-
DATED CLAY

L,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 proverties of soils are greatly influenced
by the stress or strain to which they have been or will be sub-
jected before or during shear, Although it is desirable to test
soils under exactly the same conditions as those in situ, labo-
ratory strength tests are usually performed under the condition
of isotropically consolidated triexial compression. Therefore,

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



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 and comparison of predicted stress-strain behaviour by

this method with observed one will be presented,



L.,2 Stress-Strain Behaviour of Clay in K, Consolidated Undrained

Test

L.,2,1 Stress ratico-strain relationship and effective stress

path

Figs.4=1 and L4-2 illustrate the octahedral stress ratio-
strain relationship for 6 series of test, In these figures,
represents the ratio of octahedral shear stress 7 to
octahedral effective normal stress ZD , and J‘and Zg 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
with those of NIE test, 'L'his may also be true for the rela-
tionship between NKyEL and NKgE test, although the scattering
of the data is relatively large.
In NIE and NIEL test, axial stress is equal to the minor
principal stress QE/, and the other two principal stresses
Qi/, G;/are equal t?’each other in mignitude and major one,
whereas in NIC test Oz is equal to §3 . In NKoE and NKGEL
test, however, axial stress remains initially as major princi-
pal stress until the interchange of principal stress directions

takes place at about 0,5% of octahedral shear strain, and there-
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after it is transfered to minor one, On the other hand, in
NK,C 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 upoxn the stress ratio-strain properties of clay, irres-
pective of the stress system during consolidation.

Figs.4-3 and 4=l show the effective stress paths in the
octahedral stress space for 6 series of test, Fig.4~5 illus-
trates typicel stress paths among the 6 series of test, norma-
lized by the octahedral effective normal stress after consoli-
dation. Parry and Nadarajah(1l973) reported that there is a
distinct measure of symmetry about the % = O line for comp-
ression and extension test stress paths for isotropically con-
solidated specimens, As can be seen in Fig.L-3 to L-5 inclue-

~ ~ e PP T § 4.
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seenm to almost coincide with each other, This coincidence 1is

ey N wrer e

Y e p 3 Lo Ea ENR S . 7T oy L iR
SO seen petTween Tne 3TYess na2TAs 0L Ll na .'.'-".\.O.__'l_) CeSToe

»

o
\U!



02
b
~ -~
A M DR "~
100 S = S
/ N SN ~
S \\\ \\ \\
~ s AN ‘I

100 |- 7 = g
---=NIC \<< "
——NIE | %% o

< s
200-——NIEL O8> —P

Fig.k=3% Effective stress pata ctanedral stress space



Fige =L

300

200

100

100

200

-<T (KPa) KeC y)/“___ —
— o o) .6 iy
/l —-— NKoE \3\0’0 ) @ﬁ’tf
- NKoE L e (g
j _\ne
/é/ 1 e //
_ /"_" lj /_a
,/1’0%0].07// / /
\4 / 300 409/ 500 600 700 800
V%( /| / P
) ‘A’\G\\K / / (KP)
L\\%N/
- ~] ME=0.406

Lffective stress paths in octahedral stress space




*M=0406(NKoE)

~2M=0486(NKoEL)
M=0533(NIE & NIEL) |

Migesl4=5 Comparison of normalized stress paths obtained from six series of test



From the é? versus () and 7 versus 79 relationships
mentioned above, it may be concluded that the type of stress
application, i.e. increasing or decreasing stress, during shear
does not affect the effective stress-strain behaviour of clay
irrespective of the st?iss system during consolidation, as far

~
as the magnitude of G; during shear is equal to 0; or it is

/

equal to (3 .

[AW]
~



T i / .
L.,2.,2 Fffective strength parameter gﬁ , and undrained shear

strength

Effective angle of shearing resistance 95' determined
from the deviator stress maximum criterion, and the ratio of
undrained shear strength Sy to effective vertical consolida-
tion pressure f%‘ for 6 series of test are listed in Table L4-1.
Paying attention to the gﬁ’values of extension tests, those
of NIE and NIEL are almost coincident, but those of NKpoE and
NKoEL differ as much as 8 degrees., This difference can be
attributed to significant develoment of pore pressure in NKgiEL
test, reducing effective mean stress at failure as small as 200kPa,

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

Thus the data points at failure concentrated around the range of

+h

0 to 200kPa of effective mean principal stress as shown in Fig.lL-4,
and this seemed to make the calculated value of ¢ larger than
the actual one.

Table L-2 shows the comparison of the published data on gél
value, where suffix C and E denote compression and extension
test, respectively., Although it has been reported that the
stress anisotropy during consolidation does not make any differ-

or normzlly con=-

solidated clay (Henkel and Sowe 1963, Akel and Adachi 1965,

it should rather be concludesd Tnat ine ;D vaiuss both in com~
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Consol, 1(°) s (° 1 (%) s L, %
Conddition ?6(; ¢E ) ¢EL 5'”7%@5 (5“/ ﬁ))c (Su/ Pv)E (Su/ Pv)EL Suc/suE IP %)

Iso, 30.6 Wle2 Llo by 0,73 0.383 0,382 0.405 0.95 L9

K, 26,8 30,2 3845 0,90 0.301 0,192 0.255 1.57 49
Is0.('76)  34.5 4641 —— 0.79 0.40 0.38 — 1.05 20
K, (176) 32,0 Le b — 0,79 0.32 0,21 — 1.52 20

Table L4-1 Strength parameters obtained fromé series of test on Sample No.l
including those from earlier ones (Kitago et al,, 1976)



0¢T

Parry et al, Ladd Vald [Leon Lade Shibata Wu Broms

Authors Henkel Parry of al, ot al, ot al. et al, et al.
(160) (160) (173) ('65)  ('74)  ('77) ('76)  (165) (163) ('65)
Consol,
Condition Iso, Iso, Iso, KO KO KO Iso, Iso, Iso, Iso, Iso,
gg’ (°) 21.7 22,6 22,6 20,8 26,5 29.8 L4 29,3 33,7 33,2 29,2
@ ) 21,1 21,3 20,5 28,0 38,8 33.8 78 32,5 33,7 33,1 36,0
smgg/&’n%; 1,03 1,06 1,10 0,75 0,7L 0,89 0.7L. 0,91 1,00 1,00  0.83
(Su/p). 0.28 0,29 0,215 0,205 0,33 0,268 0.51  0.49  0.42 0,50 0,43
(Swg,)e  0.23 0,2l 0.205 0,175 0,165 0,168 0,51 0.45 0.37 0.33 0.3l
SucSue 1,22 1,21 1.05 1,17 2,00 1.59 1,00 1,09 1,14  1.52  1.26
IF(%) 25 25 32 32 15 18 290 30 49 21, 25

Table L-2 Comparison of published data on strength parameters obtained from undrained

compression and extension tests



pression and extension are affected to a certain degree by the
stress anisotropy during consolidation,

fig.L-6 illustrates the comparison of §5lvalues 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 al. 1978) which indicate that
the ratio of the %g 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 ¢é and g%' is greater in Kg
consolidated clay than in isotropically consolidated one,

Comparison of published data of undrained shear strength
in compression with those in extension is shown in Table 4-2,
Fig.L=-7 also illustrates the published data on this subject
including those of the present author. From this figure and Table
L-2, 1t can be seen that the value offhy/u is greatly influ-
enced by the difference of stress system, especially in Kg
consolidated clay. Ladd(1973) performed 3 series of consoli-
dated undrained test and presented the undrained strength ratio

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

axisl evtension to direct shear. He concluded that each ratio
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research workers have considerable deviation from Ladd's experi-

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

i .o et L

to unity with the increase of plasticity index.
Parry (1971) deduced an equation to represent the ratio

of S%/ in compression to that in extension, assuming that
U2

/

the value of ?5 is independent of stress paths. However, as

-

-H

mentioned opreviously, the value o 96,18 affected by stress
system during sheear, and so his eguation can not always be app-
lied to estimate the undrained strength ratio as already pointed
out by Shibata (1975) and iitachi et al,(1976).

Recently, Mikasa et al, (1978) reported that the 5'1,1//2/L
ratio for K, consolidated specimen is almost equal to that for

pically consolidated one, especially for clays with

1_1
n
O
ct
hi
@]

higher olasticity (PI = 75% ). This fact and the trend shown
in Fig.l=7 may probably be subjected to common 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 strength,



L,5% Existing ilethods for Estimating Stress-Strain Behaviour

of ¥, 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 inadeguacy 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 O-a 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. Thus bhe yleld loci OBA, 0OCA are symmetric about the
axis of 6;\, where Ga'and G?‘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

Palia < -y o~ o P A e v o T . 3 v IOV R T3, 2
effective stress path touches the yiela locus CCA, This means
. ' . 3 5 oo ! - A ey Mmoo~ L . P . - 3
that the undrained effective siress Datn Oon the extiensional side
b
sh !
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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 0}{ = 0‘}.’ .

There are z 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 L.2 shows 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 vprimarily due to ignoring the influence of the inter-

ES

tress directions on their dilatancy chara-
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5T = M- 4

under 'active loading', where ‘?7 increases from its initial

value, and
§T = -p. &7

under 'passive loading'!', where 7 decreases initially from its
initial value, They also assumed that the soil constants :\ s
W and /a-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

j—? “”Zo 2__ f?:s [ — f%//o ;

£ f /4:/7-— - v — /{7’ 7 ;
A~ 7o F) L/ 7 ies /

the point on the criticel state lins corresponcding to the
current void ratio and 4 is +1 for loading towards the critical

|
U
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state in compression and -1 for extension,
The third hypothesis is that the ratio of plastic distorsion

increment to the volumetric strain increment is given by

de" (W=7
vt CARY (b= D7)~ 8

Avbove 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 /QZ, ‘N, K and J7 , 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 )} 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 anisotropically consolidated clay using that of
isotropically 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. For a specimen consolidated aniso-
tropically along the anisotropic consolidation line at an angle

g s . . .
(A to space diagonal, the new axis of symmetry 1is drawn at an

l_.l
o
O



angle @ from the 'hinge point' taken to be halfway along the
space diagonal (see Fig.4~9). Then stress path for anisotropic-
ally consolidated specimen is produced by rotating the stress path
for isotropically consolidated specimen by the angle & about the
hinge point, where the relationship between (¥ and G for a soil

must in advance be determined experimentally.
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L. Proposed lethod for Predicting the Stress-Strain Behaviour

of Ky Consolidated Clay
L.lt,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 K, consolidated clay.

1) Stress path for Ky consolidated compression test
Stress path for NK,;C test in 77?% - ?;%; 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
2]

and i% and ?: are the octahedral normal and shear stresses

after Ko consolidation,
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Two hypotheses mentioned above are based on the following
consideration that the stress-strain-strength properties of

initially Ko consolidated clay are clearly different from iso-
W

o

ropically consolidated clay due not only to induced anisotropic
stress system but also to structural anisotropy develoved during
consolidation, The present author assumed that the stress anisotropy
is covered by shifting the starting point of shear from - = O
plane to T = 7, plane. 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.

3

herefore, the structural difference for this case is assumed as
being expressed by the magnitude of rotating angle é% « 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 2742 and the effective mean stress at failure in NKoL

test is almost equal to that in NIE test,

‘_J
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L,L,2 Predicted stress~strain behaviour

Based on the preceding hypotheses, prediction of NKOC and
NKOE stress—-strain relationship using NIC and NIE test data

will be made,

1) Prediction of stress-=strain behaviour from NIC test data

As shown in preceding section, stress ratio-dilatancy chara-

cteristics in NIC test is expressed approximately by Eg.(3-85).

Shifting these relations fromf(zjz 0at 7 =0 to/Z[Z = 0 at

;7::;7 , following equations are obtained.
0
[

/E,(Z): A (?“70) tor 0<)-),57, (4-1a)
FQ(Z/:‘/L//?/L/L‘/,Z (7"?0"2) for 7“70>Z (4=-1b)

Octahedral effective normal and shear stresses normalized by

at any value of7 (77%)

after shifting the NIC stress path are represented, referring

the initial octzhedral normal stress ?7
o

to Eg, (3-72), as follows

+C, ~ -
T op -5 F )]
o 7\ L
:Z.% - 7/,'\- /{/y//,t
/f% / /F, (L=2b)
jext step is To rotate Ths 3Trsss Tath oy an angle 6% around

f—t



the ooint (1,?%%), Then, the co-ordinates of stress point after
o]

l-;j

rotation are represented, referring to Fig. 4-10, as follows

%, L NGHRAT (10T oo@8)

Vor 1-{Gh 2o 7 (380 o

where
‘ -1 G-p
(3‘“‘ 1am -
VAR
Combination of Bgs. (3-72) with (3-93b) gives a new/?i?/versusé7

lilatancy equations equivalent to EZg. (3-85)

w

D

can slso be obtained as follows

FCD-A D) e 0<)057 (i)

ECD= A G-I G9) tor <7 (et

~

/ /
Paraneters 72/7//’ and // erc equivalent to 77, ,///, and // in Tas, (L=la)
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Combination of Zgs. (L4=L4) & (4-5) with Eq. (3-82) and integration

of the resulting equations with initial condition = 0 at
Z? = ;Z , tollowing stress ratio-strain equations for KO consolida
ed clay can be obtained,
v/“ g, P |
/
= 0 f/éf /_+ugl for 0‘37{% §§Z§ (b-63)
/ I +€,

AV / AtV
,ﬂ/f T 72, ‘ 7 /%-7/ 1T | leor 7)/<?) (4-6b)
N e MM? J2 |

2) Prediction of NKLE stress-strain behaviour from NIE test data

Stress-strain prediction of NKOE test using NIE test data
can 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 YKOE test,

The comparison of the stress paths and stress ratio-strain
curves for NK C &1 {OE tests predicted by the present method
with those observed indicates fairly good agreement as shown
in Figs.lL-11 & L-12, By the way, the values of strength

/
parameterﬁ4:ﬁn*NKOC and IKOE in Fig., 4-11 are the predicted
ones, while the corresponding observed average values are given

vpreviously in Fig. L-4. Comparison of these values with each other

estimation is now possible on the undrained

compression and extension stress-~strain-strength behaviour
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of Ko consolidated clay using the data obtained from isotropically
consolidated undrained compression and extension tests. Parameters
needed for estimation are the coefficient of earth pressure at rest
Kg, strength parameter M , compression index A and dilatancy

function F[Z}.
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CHAPTER V¥  STRESS-STRAIN~STRENGTH BEHAVIOUR OF CLAY UNDER

PLANE 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 probleums
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.



5,2 Observed Stress-Strain-Strength Behaviour of Clay in Plane

Strain Test

/
5.2.1 Effective strength parameter qé and undrained shear

strength

Table 5-1 shows strength parameters obtained from K, consol-
idated plane strain tests including those from isotropically and
KO consolidated axi-symmetrical triaxial tests., The ratio of un-
drained shear strength Ci( to effective vertical consolidation
pressure f;~ in isotropically consolidated clay is almost the same
in compression and extension., But in K, consolidated clay, 594%
in compression is greater than that in extension by about 3 % for
plane 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 K, consolidated clay. Effective angle of shearing
resistance gblin extension is larger than that in compression

by more than 10 degrees for both K, consolidated plane strain

w

isotropically consolidasted triaxial tests. These results
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oy

Test Condition
Sy’p,
¢/ ( 0)
Af

M

NIC

0.84

0.578

NIE

04382

L2

l.12

NKoC

28.1

l.24

0.526

NKoE

0,192

0.93

0,406

NCP

 0.350

NEP

0,261

51,0

0.89

0.576

Table 5-1 Strength parameters obtained from 6 series of.test on Sample No..,



strength ratio of undrained coumpression and extension based on the
Cam-clay equation and several assumptions, including one in which

17 - ' . . o '
gD is assumed as a material constant, irrespective of stress paths,

S/ = S M, H 3 )
e ™ 507 P T (555 - é—/7)/2 oy

where
— b amp’
/l% - 3._ \¢/

Parry(1971) deduced following equations to represent undrained
strength ratio of axi-symmetrical compression and extension, and
that of exi-symmetrical compression and plane strain, assuming
that gffand effective mean stress at fallure are independent of

stress paths,

Sug/ = 3“";’”?/ Sup/ = S-anp (5-2)
A\(/IC 3 +/w"’”¢ ! %MC 2(/—:" 277)

where

- 5
"= E’f/@}w}’) (5-3)

angle of shearing resistance obtained from Zwm (5-1) and (5-2),
ana the author'!'s test resulits, 3Some discrevancies seen in the

},J
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Fige5-1 Undrained strength ratio vs. effective angle ofshearing resistance



figure between predicted values and experimental data might

have come from the fact that the two assumptions on gflland

effective mean princival stress are not satisfied simultaneously,
Recently, Prevost(1979) 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.
b

(Sup), = - (Suc+ Sue) + - (S Sue)

(Sup)g = %—“ (Suet+ Sug) - "*Z/—CSuc—SuE)

Calculation of the values ofsﬁyé in NCP and NEP test by using the
v
above equations with observed data of NKgC and NKpE 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,

egspecially in NCP test,
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5.2.2 HNormalized stress-strain behaviour

tress—-strain data of the present test were obtained for

w0

[9)]

more than three steps of consolidation pressure, and for each
consolidation pressure two tests were carried out. Typical stress-
strain behaviour normalized by preshear eifective stress are
discussed in this section,

5

Mg.5-2 illustrates the relationship between stress differ-—

and axial strain E;g. The curves with cross mark were obtained

3

figure indicates that

]

rom axi-syvmametrical triexial tests, This
| /o e P o .

G%“Ux,(@ék’versus 23? relationshin is independent of consoli-

dation pressure, and the magnitude of strain at failure in com-

ssion test is smaller in plane strain (L to 5%) than that in

‘g

@

r
axi-symmetrical test (>>6%)., Henkel and Wade(1966) reported

r.

similar results. Decrease in stress difference after its pesk

has been reached is more distinct in NCP than in HKLC test. In
extension test, the interchange of principal stress directions

hnl

occurs at about 0.,4% axial strain in NEP and 0.,8% in NKoE test.

And veak stress aiffere takes place at 6 to 8% of axial strain
in YEP snd a2t 8 to 10% in N Z test., Comparing | Z—XIZIversus
c
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Stress ratio 7 versus shear strain @’ relationship for normally
consolidated plane strain tests mentioned above in octshedral stress
plane is shown in Fig.5-3, where octahedral shear stress 7~ , effect-

A

ive normal siress F>and.shear strain ¢ are defined as follows,

T = 3/ (0 0y = (03~ + (03-02) (5=

P00y 59

=3 /(6 1)+ (-6 T+ (£a-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,

/
5f = JE? égg for axi-symmetrical test (5-7)

6
GA - {;; 2;? for plane strain test (5-8)

In compression test, 27 versus &‘curve in plane strain test is
almost identical with that in axi-symmetrical test, whereas in

extension test such a coincidence cannot be observed., Rather,
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Fig.5-5 Octahedral stress ratio-strain relationship in normally

consolidated plane strain tests



there exists a great difference in IZ versus b’ relationship
between NEP and NKgE tests, i.e. ¢ does not reduce to zero in
NEP, whereas it does reduce to zero in NKoE test when () becomes
equal to O;: during unloading. M , the meximum value of Z
for the present tests, are computed as shown in Table 5-1,
Fig.b-L illustrates 7 versus a” relationship for over-
consolidated plane strain compression and extension tests, where ¥
denotes overconsolidation ratio. Although it cannot be concluded
whether the Z versus K’curves in plane strain test coincide
with those in axi-symmetrical test not shown 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
B’ curve in plane strain test at N = L.9 almost coincide with
that in axi-symmetrical test at N = L.2. It is natural that the
stress ratio versus strain relationships at small strain in two
types of test for different value of 71 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 J>10% in two types of test.
Although there appears a clear peak in 7 versus J‘ curves in
compression test, it cannot be found in extension test. It is
noticeable that even the curve of 7 = 9.9 in compression test
becomes close to that of normally consolidated clay at large strain.

-

by octahedral normal stress after consclidatio

b
]
n
ge}

lotted against
shear strain. In connection to the exwression of octahedral shear

stress increment, the following thres equatiocons have been suggested,
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Octahedral shear stress increment vs., shear strain



a¢, = ':31"/ (407“402)2+(40}—A@)2+(40§—A@;)2 (5-9)

4T, 44[O-G) GG e (607 G0

4Tym 5 [ ay g -aef ¢ (aaGe) o

Comparing Bgs.(5-9) with (5-11), 47, = 437?3 in compression
test . In extension test, éfZ} continues to increase even after
interchange of principal stress directions, whereas 4327 and 41?:2
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 W7 ( = 6%74&£4.0é ) for normally consolidated
plane strain test are plotted against axial strain in Fig.5-6,
where ¥7] 1s a measure of the relative magnitude of effective
intermediate principal stress during shear, It should be noted

,
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not always the intermediate principal stress during

test as shown later in Fig.5-17. In compression test,

the value of y7 decreases slightly in the initiszl part of shear
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2lso evident in the report by Henkel and Wade (1966). Campanella
and Vaid (1973) reported that the value of )] remained constant
throughout the test irrespective of stress system (compfession or
extension). In the present test, it increased up to 0.6 at 5 %
axial strain in exXtension test., As the stress condition of the

. N . b h : . s < ‘¢
specimen consolidated under K, condition is 6;: = G% = }(00% 5
the value of ¥] dimmediately after consolidation is equal to

4 ’, ’

m = 6%/&"‘6'2: Ko/] +Kop * Based on the elastic theory,
Cornforth (1964) derived a relationship between intermediate
principal stress and the other two as follows,

. Ko

0z = T, (67 +03) (5-12)

Table 5-2 shows the comparison of the values ever reported on m ,
K, and ;<®/7'+kb’ respectively,

Fig.5-7 illustrates the value of YY) versus Eﬁi relation-
ship for overconsolidated plane strain compression and extension
tests, 1In compression test, the value of W at 532 = 0 1is
equal to k%y1*4<aand decreases to M = 0.3 at small strain.

But yn value at SZ > 10 % is equal to 0.35 to 0.37 and is almost

constant irrespective of overconsolidation ratio. ©Calculation of

the value of 1% by -using the mean value of X = 0,55 in normally
i‘f‘ o J = 0 :)
consolidated clay gives the value of 0.55 . This walue is nearly

equal to the ¥ value at £_,>10 % .
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Table 5-2

Authors

Present Author

Henkel & Wade ('66)

Campanella & Vaid ('73)

Sketchley & Bransby ('73)

Comparison of the values of ] , Ko and Ko/l+Ko, repectively

0,58

0.55

0.64

Ko/ 1+Kq,

0.34

0.37

0.35

0059

Me

0.32

0.40

0.36

0.40

0.61
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According to their experimental data on lightly overconsoli-
dated ( N << L4 ) clay, Sketchley and Bransby (1973) suggested that
the value of YN at failure converges to a constant value (M =
O.4 ) irrespective of compression or exiension test. On the other
hand, the value of ¥ 1in extension test obtained from the author's
experimental results greatly differs from that of compression test.
Namely, the initial slope of ¥ versus 62’ curve increases with
the value of M , and MM converges about 0.7 at the strain
greater than 8 %.

Ohta et al. (1975) derived an equation which gives information
about the relative magnitude of intermediate principal stress during
plane strain test, based on the following assumption. Although
the intermediate principal strain increment 6/82 = 0 in plane
strain test, it was assumed that the plastic component of 4/22 is
approximately equal to zero, which implies that both recoverable
and plastic component of 5162 are sinmultaneously equal to zero,
Then the stress state under plane strain condition should satisfy

the following equation, assuning f as plastic potential,
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A A OEX. (576 vie)
/+€ oy

0 OL
Parameter L) wnose functions are exactly the same as K in
the sense of Cam-clay equations, is determined by the following

equation,

)7=7\-(/+60)MF1(/"/) (3-8 bis)

Thus the plastic potential of normally consolidated clay
including both compression and extension side is represented as

follows,

§ - (He)ﬁnﬁ £ {F(7) ~F () (520

Applying the condition expressed by Eq.(5-13) to Eg.(5-14), follow-

ing equation is obtained.
/

\E: 3m A=Y
7 = e = /F7{(1+90)F’(7) ;7} (5-15)

Eq.(5-15) is essentially the same as Eg.(38) by Onta et al. (1975).

Combination of 2q.(3-8L) with zbove eguation gives

-]



L

Ohta et al., assumed that }747)versus 77 relationship can be

expressed by a single straight line as
F(7) = M7 (5-17)

where /M is a coefficient expressing the dilatancy intensity.

In original Cam-clay theory, ;féj)can be written as follows.

/E('Z) - M(/ +€o 7 (3-89 bis)

Since M , )\ and K are regarded as soil constants, ;TQV ver-
sSus ;7 relationship shown above implies a single straight line
as mentioned in section 3%.6.5. By the way, /TQZ)versus ?7 relation-

ship in modified Cam-clay theory is given as follows,
A~ K 7 /)7
,L(Z)" [rz /+ ( /M) (3-90 bis)

;T(Z)'versus z7 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 ;T(Zg)in Bq. (3=76)
can be replaced by a straight line equation. This leads to a conc-
lusion in Eg.(5-16) that }T?ﬂ/}: [7?7):: a constant, which gives a
simplified expression for )] as follows,

/F7 (M=%7)

m = (5-18)

27 (M¥7)
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Tn order to obtain the value of M/ during plane strain test for
K, consolidated clay, z? and ,ﬁf must be replaced by ( ?7 - ;Z )
and ( ﬁ% - '§i ) respectively, since the dilatancy function /CCZ}
in Eq.(3=76) 1s concerned with the shear test starting from 2?::

Ly
21 « Therefore, Eq.(5-18) is rewritten as follows.

| =(T-BHH%)=0-1)]
2+ (77, )j&‘/%) #( 7‘%//

Zﬁo , the value of ZW at completion of K, consolidation is re-

presented by octahedral stress ratio after consolidation as follows.

e Ko 2T
///o /'IL'KD % +2‘/§- (5-20)

On the other hand, 777 value obtained from Eq,(5-19) by inserting
i? = ;l) is computed as 1/2. As the initial value of 777

after K, consolidation can never be equal to 1/2 except for the
case of Kq = 1, Eg.(5-19) must be modified by the magnitude of
( %ﬂo-l/z )e Therefore, a tentative expression of Y] for Ko

consolidated plane strain test will be as follows.

s D-I)IH-T) ) ST
T IH-1) =) 20022

Comparison of calculated values of /] by BEg.(5-21) with obser-
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hown in latier part of this chapter,
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Fig.5-> illustrates the relationship between pore water
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pressure change dbl normalized by the preshear effective verti-
cal stress (62761 and axial strain 225 . In compression test,

tﬁb{ increases with axial strain and it reaches naximum at about
% strain in NCP and 8% in NK,C test., The difference of the mag-
nitude of strain at maximum pore pressure in NCP and NK,C 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 NK,C test at any equal strain may be due to the rela-
tive magnitude of intermediate principal stress, In NEP test,

AU decreases rapidly till about -1.0% axial strain and then
increases slightly and becomes almost constant at larger strain.
In NK,E test, the pattern of pore pressure change is almost the
same as in NEP 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-
cal or plane strain condition) upon the development of pore pre-
ssure is greater in extension than in compression.

Undrained stress paths in octahedral stress plane obtained

from four types of test are shown in Fig.5-9. In compression
test, the stress paths almost coincide with each other, as re-

o

ported by Shibata and Karuve (1955), Henkel and Wede (1966),
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5.2, Dilatancy characteristics

Henkel and Wade (1966) suggested that pore water pressure
of saturated clay which develops during shear can be divided into
two components, one of which is due to the increment of mean pri-
ncipal stress and the other is due to shear stress increment as

shown by Eg.(5=22).
4”2 Aab '7L Q.A?—- or AUS:AM—'A}Z:’Q&? (5—22)

where 62 is a constant representing the dilatancy characteristics
-

of a soil., Fig.5-10 shows the development of ‘déé in the present

0 zﬂ?T normalized by the preshear effective mean stress

d-
o}
[9)]
ct
n
[}
o
o}
C“

. In this figure,’-Ai?'was computed in accordance with the

QO

definition represented by Eq.(5-11). It is seen from this figure
that éﬁ@é versus lﬁi?'relationships in plane strain compression
and extension tests were substantially identical with those in
axi-symmetrical compression and extension tests, respectively.
Fig.5-11 is the plot of‘ﬂL&/%2 against octahedral shear strain

igure shows that for compression tests, <3&& is

Qj
®
=
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almost identicel for axi-symmetrical and plane strain condition,

1 4
In extension tests, however, Allg in plane strain condition is
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only on the axial strain 223 and independent of deformation con-
dition (axi-symmetrical or plane strain) during undrained shear,

According to the test results shown in Figs.b5-10 and 5-11, and

gs
Egs.{5-7) and (5-8), it is rather concluded that the value of

Aﬂ&é depends not on axial strain, but on both the octahedral
shear strain and shear stress increment.

As shown previously in chapter IMand W effective mean stress
during undrained shear under axi-symmetrical stress condition is
represented by a function of octahedral stress ratio ?? o This
function has been called as dilatancy function by the present
author, HNow the influence of strain condition during shear on the

F(?)versus ? relationship is illustrated in Fig.5-12. Observed

FY?)versus Z curves for the NCP test, likely for the NK,C test,
could be approximated by a straight line, excluding their initial
parts of positive dilatancy. Those for the NEP test could also be
approximated by a set of two straight lines.‘ Slope of straight
portion of f{?) versus ?7 curves in compression is greater than
that in extension. Comparing plane strain with axXi-symmetrical
test data, it can be concluded that the /ZCZ) versus ?7 rela-
tionships in plane strain and axXi-symmetrical test are similar

in quelitative sense for both compression and extension test.

i 2 ! i oo i LI R PR S o 7
In compression test, the slope of the straight portion of (27

.
-~

N}



CetT

L -
6.0(x10~2
e 061075
© F(7)
i 50 f Test No. PykPa)
X Xy
A 5 o 18 213
U NCP{A 15 290
@>%& 40 NKoC x 20 247
@
ez?fia&
®
b 30
gx Ae-—-|--=A 3
Test No. Ps(kPa) e"x A 0 5
————— (0 41 254 o X log— 2
NEP{ o<X |0 A A
A 21 388 X ® A e
NK.E x 46 508 x 04 4 A
X ‘ AA 1(.0 @
1.0 2 x5—lo—= A
X :D@) A&Zk S?
X ®® A
7Z S, xm A A
‘ - L ARRA Ly
0.6 04 02 0 0.2 © 0.4 0.5

Fig., 5-12 Octahedral stress ratio vs, dilatancy



but its slope after interchange of principal stress directions

is almost equal to that of NKgE curve. In any case, as the ff(fh)
versus 7 relationship in extension test appreciably differs

from that in compression test even in axi-symmetrical test as well
as in plene strain test, it is concluded that dilatancy characteris-

tics of Ko consolidated clay is greatly influenced by the interchange

of principal stress directions.



5.3 Existing Theory for Predicting Stress~Strain Behaviour of

Clay under Plane Strain Condition

5.3.1 Stress-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 follows.

= M*2 (5-23)
5/b{fﬂo M*z_l_?%‘? 7

/ yr (- 1A)
P/?)e - (/’//*21“7*2 ) (5-24)

where

f\ oy 3 5 1 2 . - - . - o - - o~ pe
And shesr snd volumetric strain increnment are as follows,

A, 2T s
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Con-i 27X g 2TE P 2
S8 e (e 7+ X//x%yr? f) o

%
Combining above two equations under the condition of é?;f = 0,

following equation representing incremental shear strain for

undrained condition is obtained.

x_ KK) 47%
gE" = XD, (/4%4; 7/% )ﬂ//* (5-27)

where

5ER= 7= / (62, -85,) + ($6-d& T+ (56,-F5)
0= g+ FE+0G

The general equations shcewn above can be made to satisfy plane
strain condition by setting Cﬂfi = O, However, it is difficult
to find out the relationship between effective principal stresses
Ve
67 , 6};, (3 and principal strains & , &, , é} ,indivi-
dually.
Roscoe and Burland simplified the problem by assuming that
the recoverable components of all strains are negligible compared
to that of plastic components. his is equivalent to assuming

that ) is negligible compared to T .
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Introducing this assumption into the general equation mentioned
above, equations for stress path and axial strain during shear

under undrained plane strain condition are obtained as follows,

7/=A= g/(so - /) (5-28)

M+ M- Z< M=) .
6/ M(/+e) Qﬂw_ Z W/—f {Mz_i_jzkf f (5-29)

where

) m/_ 65, 07/+G§/
t= —5— S= —5—

?/ 1=K
Ko /+KD
and, S, is the value of 8 at the completion of Ko consolidation.

/
Moreover, intermediate effective principal stress Cﬁ; is given by

the following equation,

3/17250 + 2(9_2/72)8 (5-30)
2(M%+9)

’
0z =

181



5.3%.2 Stress~strain equation by Ohta et al.

4s shown previously, Ohta et al (1975) developed a stress
strain equation for anisotropically consolidated clay. Their equ-
ations for undrained stress path in octahedral stress space and
stress ratio-strain curve after anisotropic consolidation are as

follows,

7\&7‘{— t([+e,) M (7-70) =0 (5-31)

A e ]
P "f)ﬁ é (5-52)
(HEH

where /{ denotes the coefficient of dilatancy and %’ is the
stress ratio %? at the completion of anisotropic consolidation,
As mentioned previously in section 5.2.2, they derived an equatiocn
which gives information about the relative magnitude of intermedi-
ate principal stress during plane strain test based on the follow-
ing assumption, Although the intermediate principal strain inc-
rement 5{2} = O in plane strain test, it was assumed that the
plastic component of 5{EE is approximately equal to zero, which
implies that both recoverable and plastic component of 5{2} are

simultaneously equal to zero, Based on this assumption, inter-
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Comparison of predicted stress-strain relationships by

U
o
N
L]
N

Roscoe and Burland, and by Ohta et al. with Observed ones

Fig,5-1% 1dllustrates the comparison of predicted stress-paths
in (5,/ 5 0’3' and 0;’, 0::,’ space by the equation of Roscoe and Burland
with observed ones.

As shown previously in chapter I, undrained stress path and
stress ratio-strain curve are greatly influenced by the magnitude
of ¥ . Hence, the assumption of f = O may be one of the causes of
discrepancy between prediction and observation. Fige.5-14 shows the
comparison of prediction of stress path and stress~strain curve by
the equation of Ohta et al., 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 low stress level
was neglected in this equation. Moreover, Ohta et al., assumed that
the dilatancy coefficient /( 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/U'appearS‘tobe influenced

by these conditions, This cannot nevertheless be stated positively due

o

o the following reason, Although the value of /u have to be obtained

rom drained test under the condition of constant mean effective

[as’]

stress, the value of /X in this test was obtained fron 53 constant
undrained test,

The stress ratio at critical state is represented as follows,

A~

M = (5-34)

(/+eO)/M
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a et al., (1969) described that the value of A/ calculated by
the above equation using the observed values of :\ s @ ,‘/Q
and 65 does not coincide with observed one. Accordingly, they

1

adopted such a method as to vary the value of )\ so as to let the

calculated value of A4 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 J)C in the stress-path equation., In accor-
dance with the experiment by the present suthor shown in the prece~
ding section, there is no evidence that the value of /A( is con-
stant 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 devending on the
conditions during consolidation and shear. The value of /qused
in the prediction in Fig.5-lL was determined so as to let the cal-
culated value of /A coincide with the observed one.

As mentioned above, there is some ambiguity about the method
of determination of soil constants in the predicting equation of

stress~strain behaviour by Ohta et al.
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5. Proposed lfethod for Predicting Stress~Strain Behaviour of

o

Ky Consolidated Clay under Undrained Plane Strain Condition

-

he present author suggested previously, in chapter I, a
method of predicting stress-strain behaviour of K, consolidated
clay under 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 Kk = O, i.e. recoverable components of all
strains are to be zero., In this section, the information about
the relative magnitude of intermediate principal stress, which
can be obtained by a method mentioned in previous section, is
utilized for the present purpose, retaining } not to be zero,.

The procedure for predicting undrained plane strain stress-
strain behaviour of KO consolidated clay will be as follows.

By conducting a series of isotropically consolidated undrained

N

compression and extension tests, compression index )\ , octahe-
dral stress ratio at critical state /4; for compression and /@2

he relationship between dilatancy function

f ) . R [, “} ~ A i A
A7) and octahedral stress ratio ere obtained, Then, und-
1Y
rained stress path and incremental stress ratio versus strain
relationship for isotropically consclidzated clay a2re represented

l__l
(X9
(@)



as follows,

?Q/Po ) e/CF[ f)] (3-72 bis)

Q/f - % ) [71:(7)] /f (3-82 bis)
NI e

For example, if the ,LQ?) versus relationship is represented

simply by a straight line equation such as [Z?y /@?7 then

Eqg. (3 82) can easily be integrated by giving initial condition

of = 0 at 2’ = O,and following eguation will be obtained.
/+€0)44 N
y=— 7 (5-35)

It has been assumed in section L.4 that the stress path for Kj

consolidated compression test (NKqC) in réﬁb - 6%; co=-ordinate
o o

is similar to that obtained by rotating the stress path for iso-

tropically comsolidated clay (NIC) by an angle 6% after shift-

ing the NIC stress path from the point (1,0) to ( 1, 75?;),Where
o



ssion (NCP) in octahedral stress plane is thus obtained by assu-

ming it to be identical with that for axi-symmetrical stress con-

It has elso been assumed that stress path for Ky consolidated
axi-symmetrical extension test (NKyE) is similar to that obtained
by rotating the stress path for isotropically consolidated clay
(NIE) by an angle 6%/% , after shifting the NIE stress path from
the point (1,0) to ( 1, 2?6%), and that effective mean stress at
failure in NKgE is equal to that of NIE test. As shown in previous
section, the stress paths for plane strain extension and axi-
symmetrical extension are appreciably different from each other,
especially for the path after interchange of princival stress
directions, Therefore, following assumptions are made to
determine approximately the stress path for plane strain exten-
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 ?’ = 0, and
stress ratio Zz , at which interchange of principal stress
directions takes place, is roughly equal to 20% of the value of

ﬂfE obtained from NK,E tests, If it is assumed that the length

or NKpE test,

=,

nearly egual to that

R

2., Flg.5-15 illustrates
n
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The slorpe of‘fy')versus éZ curve of NEP test after interchange of

principal stress directions 1s almost equal to that of NKgE, and

the slope of NEP test curve before the interchange is greater than

that of NK4E test. Therefore, the following method can be proposed

to estimate fZZ)vs. relationship of NEP test. From the/§7 VS,
curve of NKqE, the value offﬁ?;)is obtained by settin@;Z;:O.Bﬁ@.

Then;zqus. {? curve of NEP test before interchange of principal

Stress directions is obtained by connecting the points ( z; =

0.2 ME_’ F[ﬁ)) and ( Z , 0 ) by a straight line, F(Z) VS, Z

curve of NEP test after interchange of principal stress directions

can simply be obtained by extending the f?? VSe curve of NKJE

test up to the point 7 =1l.4 ﬂ@%. Thus the octahedral stress ratio vs.

strain relationship and stress path in octahedral stress plane

can be obtained by using Egs.(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.
Inbthis paper, Eg.{(5-21) is used to estimate the intermediate princi-
pal stress at any value of octahedral stress ratio ? o

Effective principal stresses normalized by the preshear
effective mean stress E during undrained plane strain tests
can be obtained by the known parameter 7 » ¥ and ?9 as follows,

According to the definition of 7 ,

]._l
O
=



p.z . SO ST (F o
i 5 (0% +Q‘é’+o‘g’)

Inserting Eq. (5-3) into above equation, following equation is

obtained,

vZ: /+;7/2?77(777~/)+Z7//7“3 (% (5-36)

Combination of Eq. (5-3) with (5-5) gives

/ y y
p= -5—(03+6§_z)(/+??7) (5-37)

-y

Eal
RN

=4

ective principal stresses normalized by the preshear effective
mean stress are obtained by combining Eg., (5-36) with (5-=37) as
follows,

// \/—' (A 5 -
G%bo: Q(ijﬁ) {ng*?(/*”?f? - (277-) f (5-38)

/ U
65;/[%2 [im ?/190 (5-39)

A
/R CN | Y e PYR R
/i a

2(1+7 - J (5-40)



The comparison of the effective stress vs. axial strain curves
of undrained plane strain compression predicted by the present
method with those observed is shown in Fig, 5-16. So0lid lines
are obtained by using the observed 57 VR Cf‘ and ?%% VS, i%%
data of Nk C test and Egs. (5-21), (5-38), (5-39), and (5-40),
whereas dotted lines are obtained by using the observed parameters
from NIC test and Egs. (5-21) to (5-40). Predicted curves by
us%pg NKgC tggt agree well with the observed ones, especially for
6%/%Zand G%ﬁé curves. Therefore, undrained plane strain stress-
strain behaviour in compression can successfully be predicted by using
the axi-symmetrical test data. Prediction by using the parameters
obtained from conventional isotropically 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 ﬁ? VS, b“ and ?;?é VS, f??% data of NKOE
test and the Egs. (5-21), (5-38), (5-39), and (5-40). Although the
predicted wvalues och§%% agree fairly well with the observed ones,
degree of coincidence between predicted values and observed ones for
G%ylo is not so good. The discrepancies between predicted and
observed stress-strain curves can be attributed to the predicted 77
VS YZ relationship shovn in Fig. 5-18 .

undrained plane strain stress-strain

—h

In any case, prediction o

behaviour of clay is now possible by using the data obtainzble from
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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,

1Y
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C



CHAPTER W 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 swelling. So-called
"long term " type problems correspond to such cases and effective
strength parameters Clland 95/.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.

However, there is no evidence that the failure of the clay layer
occurs at a sufficiently slow rate as in a drained test. Moreover,
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 ?Z = 0 analysis
to the long term type problem, based on the estimation of the rate
of decrease in undrained shear strength 5& in relation to over-

cansolidaticn ratio 77 .



shown, and the coefficient of earth pressure at rest Ky 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,

A
)
[AV)



6.2 *S%éb in overconsolidated clay
In oréér to find the relationship between the ratio ‘S§¢1in

overconsolidated clay and that in normally consolidated clay;
assumptions are made as follows (refer to Fig.6-1), where ﬁg\ is
preshear effective stress,
(1) In normal consolidation state, the relation between water
content JY) after consolidation and effective vertical consolidation
pressure f% is represented by a straight line in semi-logarithmic
plot, And the slope of this line, i.e. compression index QQ ,
is a constant for a given clay, irrespective of the stress systems
during consolidation.
(2) 1In overconsolidation state , the relation between water content

u) after swelling and effective vertical swelling pressure 7? 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 swelling process,
(3) In normally consolidated clay, %J\ versus é&yifz line is
parallel to the versus [ f%} line mentioned abéve, where

P is ( GT{+GS/I) / 2, and Qﬁ/ and 63/ are the major and
mindg oprincipal effective stresses at failure, respectively,

- ) /! Q 3 - "
(4) 1In overconsolidated clay, W versus X%in. relationship is

=
(A
S
-
[

aporoximated by a straight I1ine within the range of

this study, a symbol Ci is appiied to the slope of this line,

v
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Based on these assumptions, relationship between SUV%% versus
Sun . 3 ) }
Y, can be derived as follows, where subscripts [ and %
represent the state of normal and overconsolidation, respectively.
According to Hvorslev failure criterion, following equation

is obtained referring to Mohr’s stress circle in Fig.6-2.

0, —G3 ooy
Su=T=CeC@d§é+~i}——3——M§Zz

. S
Su= I Oe C&O’?]’Se + fF)g *4’\""?5@ (6-1)

where Ce and~§g are effective cohesion and effective angle of

internal friction, respectively. YC is the coefficient of
cohesion, and GE; is the equivalent consolidation pressure.

In this paper, effective vertical stress is adopted as equivalent
consolidation pressure. Idealized relationships for M) versus

ﬁ&g and 2&7 versus Zﬁ;f’ are illustrated in Fig. 6-3. From
'2k

this figure, following equaulons are obtained.

-1y = C, j&g ﬁ/{p& e éé; ’ﬁ%:cfj? @b/f?c (6-2)

A
Combination of g - G5/ and 7 = 4; with Eg. (6-2), gives
c e
£ - -
/A = 722 Lo )>

v
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O = 345 into Eq. (6-2),following equation is

And putting
(6-14)

obtained

tw/ =nt
.,
Sye to effective

The ratio of undrained shear strength
in Fig. 6-3 is expressed as

12 at point (¢
Since the equivalent consolidation pressure at point C

velling pressure
s following equation is obtainedon referring to Eq. (6-1)
(6=5)

follows.

is fz v
8%7?i='ﬁif@%%<QW?2 t f%%ég ﬂ”“?é
= ﬁ/@ gives

Meanwhile, combination of. Egqs. (6-3), (6-4) and 77
-¢ (6-6)

-% f%%% = ?%%é%

%7 /
%HZ
C 1
se into Eq. (6-5), following equation is derived
(6=7)

Substituting the
%) X:7Z 0%9?5 + ;7 72 aymié
On the other hand, *S%( at point f) s, which is in the state
° {]
s
of normal consolidation, is represented as follows.
e [ | (6-8)
LI N —
ajb/_‘b A7 ?Se
i

5;;?%  Coo 8. ;



0

Introducing the assumption that E,é; p within the range of

77 < 10 into Eq. (6~7), following equation is obtained.

Su%bo = (}'E CW?% + @g/{%/wn;éeyz/_g (6-9)

Therefore, from Egse. (6-8) and (6-9) following approximate equation

is derived.

S%) = “%b 7

¢

In general,

Sufn//ﬁ? = Su,%pl 72/"5 (6-10)

This equation is valid for any clay provided that the clay satisfies

the assumptions (1) through (4) and the condition g = P .

N
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6.3 Pore VWater Pressure and Effective 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 a) and the average consolidation pressure CE&; in Kq4
consolidation was almost identical with that in isotropic consoli-
dation ( Henkel and Sowa, 1963 ).

Fig, 6-4 illustrates the ) versus l%?f7 relationship for 4

tests (Results of oedometer test are also plotted in this figure).

)

or Ko test, MW is plotted against both vertical and average
effective stresses. In the consolidation range, ZLT versus Z%7Z2
lines are almost parallel and K, consolidation gives lower water
content when compared to that of isotropic consolidation at the
same average effective stress. By the way, Akal and Adachi (1965)
demonstrated that the volumetric strain in the K, test was larger
than that in isotropic consolidation test at the same average
effective stress. Khera and Krizek (1967) found that the water

4.

content decreases with the increase in stress ratio at

N

s

(]

same

e
LV

Q
[he}
-4

ve stress, These test resultis indicate that the

=1

ge gi1ectT

W

U

water content depends not only on the average effective stress
but also on the stress ratio.

. s

Results such as shown in Fig, 6-L are also obtained by others
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(e.g. Lewin and Burland 1970, Campanella and Vaid 1972). Moreover,
Henkel and Sowa (1963) described their own experimental results as
“"the fact that the water content and f/ lines for both types of
consolidation almost coincilde must be regarded as fortuitus',

In the light of these experimental results, it will be
reasonable to consider as follows. Since in the Ky 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 K, 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 ﬂag% lines
are almost parallel in normal consolidation range, indicates that
compression index C; is almost constant for both Ky and isotropic
stress conditions, And this verifies the adequacy of the preceding
assumption (1) in section 6.2.

Turning attention to & versus ,@a(?@relationship in swelling
range, their curves can be approximated to straight lines within the
range of ] = 10, And the lines representing Q> versus joj fg in terms
of effective vertical swelling pressure Cﬁg in K, and isotropic swell-
ing tests are almost parallel. This means that the swelling index is
constant and satisfies the assumption (2) in section 6.2. Moreover,
z; , which is the ratio of compression index CE to swelling index C,
in terms of vertical effective stress, is almost identical for both
Ko and isotropic stress conditions, The values 5 are computed

as 0,20, 0.16 and 0,11 for Sample No., 1,2 and 3, respectively.



6.%.2 Coefficient of earth pressure at rest

The coefficient of earth pressure at rest Ky 1s defined as
the ratic of the minor principal effective stress to the major one
after consolidation or swelling under the condition of no lateral
strain. Table 6-1 shows the average K, value in normal consoli-
dation and the effective angle of shearing resistance 95/ obtained
from NIC test, Brooker and Ireland (1965) reported that the value

Ko in normally consolidated clay could be apprdximated by the

empirical relationship

Ko = 0095 - /4(;77 ¢/ (6—11)

whereas the original relationship proposed by jaky
\ /
Ki= 1 — »m ¢ (6-12)

were more valid for cohesionless soils,

However, Akal and Adachi (1965) and Yamaguchi (1972) described
that both equations were open to question because K, value after
consolidation were combined to the angle of shearing resistance at
failure., Yamaguchi (1972) derived the equation expressing the

relation between Ko value and interparticle friction angle ;z s

=
@]
¢t
n
¢

£
o
48]
¢t
j-
13

end combining Q% and @’ by Caaq tion, he finally obtained

P
t

the following equation.

o
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V4
Sample Ko 9é
number Observ, Eg,.(6-=12) gl (6=13) NIC NKoC
1 0.45 0.40 0.39 3742 55.1
2 O 445 O.43 O.42 35,1 549
Mo _

Table 6-1 Coefficient of earth pressure at rest and effective angle of shearing

resistance in normally consolidated samples
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Ko (6-13)
In Table 6-1, there listed the values of Ky calculated
by Egs. (6-12) and (6-13) using gé/ obtained from HNIC test.
K, values calculated by Eg. (6-12) 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 7 and plasticity index ;[P .
In this section, the relationship between the earth pressure at
rest in overconsolidation state kzrz and overconsolidation ratio
7l 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-L. From this figure, following equation

is obtained.

Wy =20y = (g ,&3 ﬁ/@ =om (@g P;/@/ (6-14)

where, CW is the slope of the swelling line bd which is rspre-

sented in terms of vertical effeciive strass and C&m is that of
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?b/: % (l;2Koi) ’ ,E;: Pr g+2kérz) ) ﬁ/@/ =7) (6-15)

Combination of Eq.(6-15) with Eq.(6-14) gives

[+ 2Kon = (/+2Kol)?2(l_c%é’") (6-16)

As bd and ©Bd lines intersect each other at point ¢ , it follows

Cs, é&g /P% = Csm Lfg 7’;;/@ (6-17)

where ﬁi/%a = Z% is overconsolidation ratio at point c¢ .,
[
Combination of Egs. (6-=15), (6-17) and 7%?%2 = 7?0 gives

‘ l+2kbl
(6-18)

CS}// - |+ 3
CSTI’) ‘ Aﬁﬁo
Putting above equation into Eg. (6-16), following equation is

obtained.

/ +2}<O7’7 = ( l""QKO[)?/ZO{ (6-19)
whnere
( [+2K,

(6-20)

n
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Comparison of Kbn.values calculated by Eq. (6-20) with
those observed in the tests are shown in Fig. 6-6, where the values
of Kp; end P, required to calculate the value of [, were read
from Table 6-1 and Fig. 6-4, respectively. Based on the theoreti-
cal consideration, Yamanouchi and Yasuhara (1974) described that

BQWZ is defined as #QW7 :-{( 72,1%:), Further, they reviewed
the data reported up to that time and found that the slope of

(1+2Kon ) vs._l%?72 line, i.e. gnq varies with IP R
where, gm = CS% .

(&

As it is apparent from the above mentioned investigation and
from the data shown in Fig. 6-6 by the present author, k%ﬂ can
be expressed as a function of 72, . But, finding out the
dominant factor, which governs the value ‘§n1 of Yamanouchi and
Yasuhara or 720 in the present author's Eq.(6-20), is the subject

for a future study.
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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 /4‘5_ with the overconsolidation ratio 77 ,
where the value ,4‘5; at 7 =1 ; i.e. 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 following manner.

As stated before, if the assumption & = f  is permitted, Cf
is nearly equal to C& , and hence f{?fa is eqgual to fﬁ‘/ in Fig.
6-2, For NKyC and OK C test, “&a and f?_c can be expressed in
terms of undrained shear strength Su s, breshear effective stress
?0 , coefficient of earth pressure at restK, and the pore water

pressure coefficient at failure A]E as follows.

il

P = G YKo * Aa(1-Ken)}+ Sua(1-2Ag0)

(6-21)

i

ﬁta 3% %Koa*’ AfC(f - K0c>} + Suell '2/4)‘6)



2.0 @

Calculated ——NKoC & OKoC
- ----NIC & 0IC
k Observed @ NKoC
1.6 | O OKoC
ANIC
i AOIC
1.2 |-
A¢ 5 &\ ci
0.8% \ A
\
o & N\ SAMPLE Nol \ No. 2 \ No.3
n K \ N\ \
(@]
0.4| A N \

2, R

0 1 TN e { e —— \\\8\ O
\\ T Y \\/1\-\
- ~A‘~ T — {L ~—— ~ [~~~ . . T
—-0.4 ] ! l i (- ] ] 1 | I ! | | ] L]
1 2 3 4 6 8 10(1) 2 3 4 6 8 10(1) 2 3 4 6 810
n

Tig.6-~7 Pore water pressure coefficient at failure vs. overconsolidation ratio




Ar. = Aﬁ(a % [~ “%/2&42 (/*Koa)} ~ %/Zsaa (Kaa _/\/067?*5—/)
. | ﬁlpa/éﬁua (/“Kac)ﬁgn/

In general

Af - A.H }? | — )ﬁé’sbu (l"‘Ko{)%" P’/ZSH/(KOI"KW%(E—/)
n | - 7”:/2&“ (I“Kon)ﬂg"/

where subscripts 7 and 7] represent the state of normal and

(6-22)

overconsolidation, respectively.

For OIC test, the condition Kp; = Kby = 1 is combined

with Eg. (6-22), giving

E)._.
Apn= Apr - Z%/QSW (1-n7") (6-23)

Eq. (6-23) is substantially the same as equation (22) of Roscoe

et al., (1958), although the form of the eqguation is different to
each other, Putting the values of Af' (average value of Afai
n=1), SM&% (shown later in Table 6-2), [— E (also shown later
in Table 6-3), }<9,(read from Table 6-1) and k&uQ(calculated

by Eq. 6-19) into Egs. (6-22) and (6-23), the curves in Fig., 6-7

are cobtained. As seen in the figure, the calculated values of A%ﬁ

agree well with the observed ones, especially in the number 1

[\S]
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6.3.L Effective stress at failure

¥

-

Fig. 6-8 represents the relation between the water content

u) after consolidation or swelling and effective stress f’ ’
where ?9 is equal to the average value of major and minor
effective principal stresses at failure., From this figure, it is
obvious that MN) versus }@? ?? lines in normally consolidated clay
are straight and the slopes of these lines are almost equal to the
compression index C;,. This fact satisfies the previous assump-
tion (3) in section 6.2. Further, the points corresponding to OIC
and OK,C tests are closely adjacent to the Lo'verSUE;ékgf% lines for
NIC and NKqoC test, respectively., Therefore, the previous assumption
of approximate equality of ‘; and {’ will be permitted within the

range of N =10.
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SN Change in Undrained Triaxial Compression Strength due to

Consolidation and Swelling

The variation of the undrained strength S, with the preshear
effective stress “F; is shown in Fig. 6=9. The ratio 5%4%\for
normally consolidated clay in NIC tests are 5 to 12 per cent larger
than those in NK_C tests (see Table 6-2). These results coincide
with that reported by others (e.g. Henkel and Sowa, 1963, Nakase
et al. 1969).

Fig, 6-10 illustrates the relationships between the overconsoli-
dation ratio 7?7 and the normalized ratio f&y?%‘in axi-symmetrical

A

triaxial compression test, in which is the preshear effective

vertical stress. Broken lines are thoszhreplotted from the data
given by Ladd and Foott (1974) in terms of 5%%5 versus Z&ﬁ)@ .
Their data were obtained by direct simple shearvtest, 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 [, S%é%jxui lkﬁ7z 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.l), and the line for each OKOC
test is almost parallel to that for OIC test. Consequently,<§%ﬁéﬂ
versus ZZ relationhip within the range of Y7 =10 can be repre-

sented as follows,

Sun/y [ Sui/, ) P (6-21)
( $;L>f<o = k ’/F; Ko /Z
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Sample number
Test
1 2 3
NIC 0.42 0.36 0.4l
NKoC 0.40 O0.54 0.36

Table 6-2 Comparison of the ratio Sg/ﬁ in
v
NIC and NK,C 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- £ ) and é
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(o), - (94,

where, the subscripts Kpand I represent the [, and isotropic
stress condition, respectively, and the exponent IB represents
the slope of the zogsl%gversus jﬂa 77 1line.

v

The form of Egs. (6-24) and (6-25) are gquite the same as Eq,
(6-10) and the exponent 18 in Egs. (6-24) and (6-25) corresponds
to (1 -g ) in Eg. (6-10). By the way, the comparison of the
values of ( 1 - g ) with those of B indicates fairly good
agreement as shown in Table 6-3,

In this study, the experimental data are limited within the
range of 7 =10, whereas experiments in isotropic condition for wide
range of 7[/ values up to 375 were carried out by Yudhbir and
Varadarajan (1974), Their data indicate that ( Suﬂ/ﬁz )Ivalues
increase abruptly for 7 value greater than about 100. In any
case, the in situ undrained shear strength of a clay soil with any
value of 97 within the range of Y] <10 can be estimated by using
the value (Sb(l//"pl )I obtained from the conventional CU triaxial.
compression test and E obtained from the oedometer test, provided

e '
that the i oy N 4 =n Sv‘“/// ; ‘ _
that the relation between ( UI/ﬁ )I and ( ;7‘)1 )Ko 1s estab

I o
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This method was based on the experimental results of Henkel and

Sowa (1963%3) and that of the present author (Mitachi and Ueda
1969}and Mitachi and Kitago 1973) that the water 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 how to represent the relation

between (f%ﬂ/%%

From the experimental results in the past (e.g. Henkel and Sowa

)Kb and (fi”/?% )I in simple expression.

1963, Ladd 1965, Nakase et al, 1969, iMitachi et al. 1970) the maximum
and (Sm/¢7 )Ko is

about 20 %. Now, it should be noted that the undrained shear

difference between the values of ( Suvﬁg )I

strengths Sy in S%/%) mentioned above are not the shear stresses
2

45°plane.

Su

is as

acting upon the failure plane,but the ones exerted on the

Mikasa (1969) proposed a convenient method to obtain the on the

failure plane from the conventional NIC test. His method

follows (see Fig, 6-11). NIC test data are arranged as if they were

conducted under the condition of constant average principal stress

the

of total stress ), and

plane on which

this average

vlane, The

e

method is 6§ % less than

the shear

stress celuculated by this method is a0t alweys egual to that on the
failure plane, but the difference Dbetween The shear stress on the
1r°~ LI 4 EN o N mm T mym m mem = o R LI N e -

wH pLane and taav on the fziliurs To2Ne maey Sg WiTninl TAlS order,
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On the other hand, the undrained shear strengths for stability
computation have to be obtained from the tests in plane strain
condition, since the conditions of many field problems closely
approximate to those of plane strain., As already mentioned in
Chapter V, investigations hitherto (e.g. Henkel and VWade, 1966,
Kitago et al, 1973 and Vaid and Companella, 1974) show that the

Sﬁzé)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 (EQ&V?Z}K =
0

0.8 (;SMVQ%)I , and following equation is obtained

(Sun/ﬁ? )KO = 0.5 (Su%ﬂl )I 72/“‘5 (6-26)
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6.5 534? versus Y in Triaxial Extension and Plane Strain Tests
{7

In this section, the effect of stress system during shear and,
in addition, the effect of stress system during Ko consolidation on
thef%yéaversus YU relationship will be shown, To begin with, 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.e.
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 effective axial stress and is effective radial stress forlﬁg 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,%.1 was obtain-
ed. In E; consolidation the data points are plotted between the W/t
versus ﬂog ;Du curves for isotropic and Ky consolidation tests,

In overconsolidation state such a simple relationship as in
normal consolidation does not appear. Even though it is assunmed
that W versus j%?faljﬂes are straight, the slopes of these

lines are different each other, depending on the way of defining

N
A
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the consolidation (swelling) 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 NK;E test is about twice
as large as that in NKOE test. Considering the details of NKOE and
NK;E tests, although the type of stress application is the same for
two tests, there occurs an interchange of principal stress directions
in NK_E test while it doesn’t occur in N?;E test. On the other hand,
the interchange of principal stress directions occurs in NE;C 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 two extension tests is the same, the
strength difference between them is pronounced. One of the possible
causes 0f this difference may be considered as follows. In compre-
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 overconsolidated clay, assump-
tions (1), (2) and (3) are hold as mentioned previously in section
6.2, The experimental data in compression test indicating the

validity of the assumption (3
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isotropically consolidated (and rebounded) undrained extension tests.
From the experimental data by the present author, it can be extended
to ¥y consolidated (end rebounded) extension tests. Fig.6-1L illust-
rates the assumptions (1), (2) and (3) mentioned above. From this

figure, following equation can be derived.

(1—¢
S%n - (Su//ﬁ)n /=)

Fig.6-15 illustrates~34§/?iversus 7N relationship for 12 types
of test. Depending on the way of defining the consolidation presure
f% and overconsolidation ratio 7] , the slope and intercept of
Qogs% versus éogn curves are different each other., One example
for this is shown in the figure on the Kyk tests. The line denoted
by KOE(GQT) is based on the way of defining ?% and )] by the axial
stress, whereas the line denoted by KOE((S;) is based on the radial
stress whose direction coincides with the major principal stress
direction at failure. For the test data other than K E 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 @ 1is almost constant irrespective of the stress

rstem during consolidation and swelling, provided that the consoli-
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Fig. 6-16 illustrates the ratio 5”7/gqversus 7l relation-
ship in plane strain and axi-symmetrical compression and exten-
sion tests. Although the scattering of the data is large at X =10
in compression tests,ﬁ}é~3u?@%‘versusj$72 curve in plane strain

/i
condition is almost parallel to that in axi-symmetrical triaxial
condition, In extension tests, the same 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 plane strain compression and extension.
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6.6 Prediction of in situ Undrained Strength of Overconsoli-

dated Clay

As shown 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,

1) Obtain the ratio (Sby%)rby consolidating the undisturbed
sanple 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 swelling
indices Cb and C; are obtained.

3) Substituting the values of <5u7%)[, C; and C; into
Eq. (6-26), (Su%%)&caﬁ 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

o'

estimation of undrained strength by simpler test that can be
performed within 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 0of overburden pressure, the value which corresponds to



0‘8(5%40Iis obtained, namely(g@§ﬁ>is regarded as equal to
0&Q/R)K}. The reason of this treatment is that the assumption
~SM = giéé gives satisfactory results in stability analysis
( Nakase et al. 1969).

2) Let the value of (/[ — g ) be approximately equal to
0.8 dirrespective of the value of PI, because the experimental data
by Ladd and the present author show that the value of ( / - E} )
ranges from 0.75 to 0,86 and the difference between the values of
true g; and 0.8 does not yield so much error of strength estima-~
tion (for example, the difference of the value of 5%%% estimated
by assuming | — 5» = 0.8 and the observed value at 7/ = 10 is
about 10 % ).

3) Calculate the value of (s/ﬂégby setting

0

(smf'/{’ﬂ)m = (g}‘éﬁ) 7

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 normszslly consolidated clay,

Lnce the inclination of the [wsSwt! / .
since the inclination of the 57 %y versus  fpgY] curves are almost
¢ In

equal in compression and extension conditions,



CHAPTER WI CONCLUSIONS

From the experimental data and theoretical considerations
described so far, the following conclusions are reached,

From the study for predicting stress-strain behaviour of iso-
tropically normally consolidated clay in CHAPTER II, it may be
concluded that

(1) Cam~-clay equations proposed by Roscoe et al. and subsequent
equations proposed after them can not always give good prediction
of stress—strain behaviour of isotropically 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 W 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

'

dilatency function }:(Z)proposed by the present author into the pre-

N

e defects mentioned above.
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dicting equation and overcomi Tl
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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 influence upon the stress-

strain proverties o

g
L3}

clay idrrespective of the stress system during
consolidation,

(2) Effective angles of shearing resistance gb’in extension tests
are in general larger than those in cowmpression tests, and the 95/
values both in compression and extension are affected to a certain
degree by the stress anisotropy during consolidation,

(3) Undrained shear strength S, is greatly influenced by the differ=~
ence of stress system during shear, especially in K, consolidated
clay, i.e. S, in extension test is less than 70% of that in comp-
ression test,

(L) Stress-strain-strength behaviour of K, consolidated clay during
undrained compression and extension tests can be predicted by using
the data obtainable from conventional isotropically consolidated

undrained compression and extension tests on the same soil.

From the study for undrained plane strain stress-strain-strength

behaviour of normally consolidated clay in CHAPTER V, it may be conc-

e L. . L1 4 3 L3 3 1
(1) Effective strength parameter tan¢> and undrained shear strength
Sy in »vlane strain test are greater than those in axi-symmetrical

both compression and extension, and most markedly

Mo



ension test results in about 35% loss of undrained shear strength

ct

ex
and more than 10 degrees increase of effective angle of shearing
resistance in comparison with plane strain compression test.

(3) Octahedral stress ratio versus strain relationships and undrai-
ned stress pvaths 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.

]

(4) As dilatancy characteristics in extension appreciably differ
from those in compression even in axi-symmetrical test as well as in
plene strain test, it may be concluded that dilatancy characteristics
of Kp consolidated clay is greatly influenced by the interchange of
principal stress directions,

(5) Stress-strain behéviour of Kg consolidated clay during undrai-
ned plane 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 and 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 W, it may be concluded that;
J s >

(1) The ratio of undrained shear strength under triaxial compress-

ion condition to effective vertical swelling pressure 5%?>for over-
v

can be exXpressed by a simplified eguation, irres-

@]
Q
)
(6]
O
=
[ N
D.l
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[
@
jon
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-
jak]
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vective of the siress systems during consolidation and swelling,

is equation, in situ undrained shear sirength of overcon-



L

solidated cley under the condition of axi-symmetrical compression
condition can be estimated from the data obtained by conventional
laboratory test,

(2) Coefficient of earth pressure at rest Ky and pore water press—
ure coefficient A at failure in overconsolidation state can both be

xpressed as a function of overconsolidation ratio.

(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,

o
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