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This disgsertation is mainly concerned with the expervimental
investigation of the stress-—strain behaviour of remoulded satura-
ted clays for all possible Ty of impoged stress paths, under
gtress controlled conditiong in the axi-gymmetric triazxlal appara-
tus. The conventional triaxial apparatus wags modified to lmprove

the uniformity of strains of the deforming specimens during all

m

stages of the tests, as the state of the samples changed from the
initial condition of a slurry to that of failure. This complete
gset of data, in the stress plane in which the principal axes of

)

stress and gtrain coincide and with two principal stresses and

atrains always egual, was used Lo study the reglions in these
gtress planes for which any, or all, of the stress-strain theories
developed so far at Cambridge are valid. Tfrom the data constltu-

tive equations were developed to describe the stress—strain

L—.

behaviour in these bounded astress vegions; no appeal was made
to concepts such as those developed in the theory of plasticity.
The use of a radiogrsphic technigque for locating lead shot
within soll specimens was found to be mosgt satisfactory Tor the
study of the local deformations in btriaxial samples which are
generally assumed to be straining uniformly . Uging thils tech-
nique it was shown that (i) the deformation is uniform during
one dimensional and isotropic consolidation, (ii) during shear
the conventional lubricated ends gignificantly reduce the elfects
of end restraint on the deformation behaviour of the samples;
the strains are substantially uniform up to about 7o per cent
of the peak stresses, The local deformations during shear woen
plotted in the form of histoprams approximated to normal distri-

bution curves,

o

The effects of history such as (i) the initial moisture

content (ii) the initial 1-D stress used in sample preparation

(iii) the pubsequent isotropic consolidation prior to sheor

(iv) the load increment duration, and (v) the load increment size,

on the stress-strain behaviour are gtudied in detail. It is

shown that these factors do influence the deformation characterige-

tics to a considerable extent, Methods, which take account of

thepe effects, are proposed to correlate all the test results.

Specimens were sheared to failure under a wide varilety of

inposed stress paths from an initial isotropic stress state;

it is shown that a unique peak stress envelope exists for all

guch specimens, This peak stress envelope coincides with the




eritical state line Tor pressures higher than the maxiaum pre-
consolidation pressure but lies on a Hvorslev type surface for
pressures lower than the preconsolidation preséure.

The agsumption used in the three main Cambridge stress-straln
theories for clays are critically examined and expressed in
mathematically similar form for ease of comparison. The precise
regiong in the stress plane in which each theory is valid are
defined,

The strepss plane 1s divided into reglong within which the
deformation characteristics are, to a first approximation, path
independent. Characteristic surfaces are plotted wvelating the
gtresses and agsociated straing in each of these regilong and are
gxpressed by sinple congtituﬁive equaltlons,

)
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CHAPTER 1

GENERAL INTRODUCTION

1.1 Foreword

A wide variety of soil mechanics problems need for their
satisfactory scolution, a stress~strain relationship dependent
on fundamental soil constants. Such a relationship between
the stresses and strains should cover all possible forms of
gtress and strain paths. The fundamental soll constants should
depend only on the properties of the so0il and be independent of
such factors as the geometry of the apﬁératus in which the soil
is tested or the type of tesits carried out. The research work
in Cambridge ig mainly aimed at achieving relationships between
stresses and strains for both cohesive and cohesionless soils.

In order to derive a stress-strain theory, several basic
assumptions have to be made of which one or more may not alone
be capable of being verified experimentally. However it is
possible to compare the theoretical predictions with the observed
overall behaviour. Hence it is essential that new and more
sophisticated apparatus should be designed to control both
stresses and strains independently at any stage of testing.

Such types of apparatus will necessarily be of complicated
geometry and hence during any process of deformation, the
uniformity of stresses and strains throughout the gample should
be ascertained. Non-destructive techniques using X and Gamma
rays have been developed in Cambridge for the measurements of
internal strains and voids ratio in deforming soil specimens.
Also methods have been developed to investigate the orientation
of clay particles in soil specimens using transmission and
scanning electron microscopes. Further, load cedls of varying
forms have been developed to meagure the normal and shear stregses
on the boundaries of the samples. Attempts have been made to
develop semiconductor pressure probes for the measurement of
internal pore pressures.

In this thesis the investigation of the stress-strain
behaviour is restricted to the axi-symmetric conditions of the
conventional triaxial system of stresses on cylindrical:specimens,
where in the principal axes of stress and strain are at all times




compelled to coincide and (ii) the intermediate principal stress
i3 always equal to the major or the minor prineipal stress. The

. observations from this simple system of stresses are compared

with those from the other types of apparatus such as the simple
shear apparatus and the biaxial apparatus (Hambly(1969» where
the specimens are subjected to plane strain conditions. Here-
‘after the simple shear apparatus will be referred to as the Se3.A,
Non-destructive radiation techniques are developed for the
neasurement of internal strains and voids ratio in cylindrical
specimens under different applied stress conditions. The
effects of several factors that influence the stress-strain
behaviour during sample preparation and testing are investigated.
Finally sections of the specimens are observed in the scanning
electron microscope to study the changés of the orientation of
clay particles during one dimensional consolidation, isotropic
consolidation and shear.

1.2 Basic Concepts and Definitiong

l.2.1 GStress

The stress parameters used in the analysis of triaxial test
results are

% ( s + 263 )
(6)'— &5 ) since & = &

1Y
and g

1 f f L . :
where ¢ » 63 and &z are the principal effective compressive
stresses, The parameters p and g are functions of the first and
second invariants of the stress tensor

1.2.2 Strain

In terms of the principal compressive strains €, , €, and.e3
the relevant strain parameters for use under the axi-symmetric
conditions of the triaxial test are

i

and € = 4( € - €3) since € = €,

The parameters P and & are functions of the first and second




iﬁvariant of the strain tensor c o o
: I

1.2.3 The axial and volumetric strains of a triaxial sample

Using the definition of natural strains (Wadai 1950), the
axial strain in a triaxial sample of initial length Lg and
initial volume Vg, is

Lo
dL L, . . .
G% = e = log ( Tj) (compression being positive)
L

and the volumetric strain is

N
A/
T = g %; = log ( :;) (compression being positive)
v

or expressed in terms of the voids ratio (e) is

4@
U = log (5

where @ ig the initial voide ratio,.

The stresses p, g and the voids ratio € are guantities which
can be measured absolutely. The strains v and € are always
measured with respect to a datum, In the present thesis, unless
otherwise stated, v and € will be measured from the state of the
sample at the end of its preparation under isotropic stress
conditions and just prior to shear, (A1l samples are prepared
from a slurry which is first subjected to one dimensional, and
subsequently to isotropic, consolidation, Some samples ars then
permitted to swell under isotropic stress conditions. Deviatoric
gtresses are then applied to the samples at the end of their
history under isotropic stress conditions,) Consequently the
datum of ¥ varies and depends on the initial isotropic consoli~
dation pressure. The four quantities D; @, wvand € are
extensively used throughout the analysis. It should be noted
that no attempt will be made to classify them as dependent or
independent variables., However it must bé emphasised that it
is not possible to vary less than (i) two of the four quantities
Ps 9, U and € during isotropic consolidation and swelling and
(ii) three of the four parameters for all other stress paths,




1,2.4 Loading, unloading and reloading

i In this dissertation, the term loading refers to an increase
n deviator stress higher than its previous maximum value.

nioading and reloading refer to a decreasgse or an increase,
“.épectively in the deviator stress which is8 never greater than
é previous maximum value. The terms loading, unloading and
léioading do not refer to the mean normal stress p or to the
rameters ?$, %@% etc. In general the author defines the
mposed stress path in terms of q and p but occasionally when
discu351ng unloading and reloading tests it will be necessary
o also use the previous maximum values of these parameters.

3 Previoug Work on Yielding of Glayg

- 1.3.1 The constant voids ratio contours of Rendulic

A proper study of the yielding of cohesive soils startéd
“with Rendulic (1936). Rendulic performed a series of stress
“controlled compression and extension triaxial tests on remoulded
‘saturated clay. The results were plotted in a &, , V2 &3
gpace and Rendulic found that the stress paths followed by
specimens sheared at constant voids ratio (undrained tests) are
in close agreement with the constant voids ratio contours derived
from drained tests and isotropic consolidation tests. . Further,
by assuming that these contours are reproducible in the d,'= &5
and oj‘: 65 planes, Rendulic suggested that the constant
voids ratio contours form surfaces of revolution about the space

8PACE . His results were obtained from only. three types of
triaxial test:

(i) 4 tests in isotropic consolidation

(ii) 3 fully drained tests with cell pressures of
28.4, 35,6 and 42.7 psi respectively

(iii) 7 undrained tests at 14.2, 28.4, 35.6, 42,7, 56.8
and 71 psi respectively.

These contours are reproduced in Fig. 1:1.

1.3.2 The effective stress, water content relationships of
Henkel.

Henkel (1960) provided experimental results on Weald clay
and London clay to illustrate the existence of a unique relation-
ship between the effective siresses and the water content for

diagonal &, = d{ = dé' when plotted in three dimensional stress
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igch clay. The compression test results provided by Henkel are
f three types with stress paths of slope (dzéptequal to«—g, 3
.and €0 respectively. Similar stress paths are also imposed on

~the extension side. The stress paths imposed, and typical
iconstant moisture content contours interpolated from them, are
showm in Figs. 1.2(a), (b) and (c). Fig.1.2(c) shows that the
constant water content contours obtained from drained tests are
similar in form to the stress paths corresponding to the con-
ventional undrained tests.

1.3.3 The (p,q, €) space of Roscoe, Schofield and Wroth.

Roscoe, Schofield and Wroth (1958) put forward a basic
concept of ‘the existence of a unique surface in the three dimen-—
sional space relating the voids ratio and the stress parameters

g and ﬁ. such a surface for normally and lightly overconsolidated
clays is represented by ABCD in Fig.l1l.3 which is based on triaxial
test data from Imperial College on Weald clay. The surface

CDEF corresponding to overconsolidated specimens is based on less
reliable evidence than that supporting ABCD, Also the aunthors
suggested that it 1s not possible for the specimen to exist at a
state (defined by p, q and @ ) outside the domain bounded by the
two surfaces ABCD and CDEF unless tensile stresses are imposed.
These two surfaces were subdequently called the state boundary
surface, In developing the surface ABCD in Fig.l.3, Roscoe,
et.al.(1958) only used the results of undrained tests.

1.3.4 The similarity of undrained stress paths and the state
boundary surface in two dimensional plot

Assuming that all @ = constant sections of the state boundary
surface are geometrically similar Roscoe and Roorocoshasb (1963)
transformed this three dimensional surface relating (p, g and € )
into a two dimensional curve. The relevant parameters selected
were %/hzuui ]Eexp ( eﬁi'e )s denoted by ", and E respectively.
The function exp (§&;L§ ) is equivalent to the parameter ;E

A
defined by Hvorslev (1937), as

- €a-¢e
B, = exp (————-} ) 1.1

where G;L corresponds to the voids ratio at unit pressure on the
virgin consolidation line and Pe is the equilibrium pressure
corresponding to the instantaneous voids ratio € on this line.
Subsequent workers (e.g. Burland 1965) have used the alternative
parameters ?@earxljié:for the two dimensional representation of
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> state boundary surface, A unigue curve can only be expected
nfthis two dimensional plot for that part of the state path
ollowed in any type of triaxial text that lies on the state
ﬁbﬁndary surface representing the state paths obtained from
'ﬁﬁdrained tests.

"1.,3.5 The unigqueness of state boundary surface, Roscoe and
Thurairajah (1964)

A detailed investigation of the stress pasths followed by
.épecimens in the (N » %&) space for tests carried out on Weald
clay, Cambridge Gault clay and Kaolin was reported by Roscoe
and Thurairajah (1964). The results for Weald clay and Cambridge
Gault clay were from convenitional drained and undrained compression
tests in the triaxial apparatus. The results for Kaolin include
tests carried out both in the triaxial apparatus and in the S5.3.A.
The feollowing observations are noted.

(i) For Weald clay the state paths for drained and undrained
tests form a unique curve in the (', ET) space.

(ii) For Gault clay the state paths for drained and undrained
tests give different curves in the ( ' . ET } space. The
drained test path has higher values of Y for a given
value of §_than the undrained test path.

(iii) Por Kaolin in the triaxial apparatus the drained and
undrained test paths in the ( ., ET } space were
different as shown in Pigs.l.4(a) and (b). Again the
value of Y] corresponding to a given value of ET was
greater for the drained test path than for the undrained.
The state paths followed during anisotropic consoclidation
seem to deviate from the drained and undrained surfaces
as shown in Fig.l.4(c). This deviation can be seen to
be smaller for anisotropic consolidation paths initiated
from the drained test path at high stress ratios.

(iv) For Kaolin tested in the simple shear apparatus the
drained and undrained tests lie on the same unique
curve in the ( ’LI, EQ.) space as shown in Fig.1.5(a)
and (b). The parameters QJ and g; refer to the S5.5.4A.

where r p ,
t : ! @, -
n = =1 and E - ot exp( -&7\—_8 )
‘3; is the voids ratio corresponding to unit pressurse
of '

A -
*Eer(s)
wx B = L exp(~%/)




eseﬁéuthors did not present any data concerning the shear

ins experienced by specimens in the triaxial apparatus and
”éié,S.A. during tests. Pig.1.6 illustrates the strain paths

eiating the volumetric strain ¥ and the shear strain € , followed

ﬁthe two types of apparastus for the so_called conventional

éined tests. In a conventional drained compression test in
é:triaxial apparatus the cell pressure dé = 63 ~is maintained
onstant while in a fully drained test in the 5.85.A. the vertical
tressad' is kept constant. It would therefore be somewhat more
ogical to compare the results of fully drained tests in the S.5.A.

th the results of p = congtant tests in the triaxlial apparatus,
g strain path for the latter type of test is also shown in
ig.l.Ge It should ve noted that the volumetric strains observed
n-both types of triaxial test, for a ggven shear strain, are
ongiderably greater than in the S5.5.A. test. Hence the state
ath for fully drained tests are bound to be nearer to the state
aths in undrained tests In the S5.8.A. than in the friaxial
:épparatus. (Note: It has been assumed, when plotting Fig.l1.6,
i%hat the angle of shear imposed on the sample by the S5.85.4A. is
:equal to the shear strain € . For justification of this see
equation (2) of Arthur, James and Roscoe (1964).)

Roscoe and Thurairajah (1964) concluded that

(i) the reason Weald clay appeared to have one uniqus
surface in (p, Qs @) space was due to the presence of
air in the samples and they also stated that if the air
ig removed then there would be probably two independent
apparent surfaces for drained and undrained tests on
Weald clay as shown by the triaxial data for the
Cambridge Gault clay and the Kaclin.

(ii) if the voids ratio had been correctly measured in the
most deforming part of the samples in the triaxial
drained and partially drained tests, then one unigque
surface would exist in the (p,q,& ) space Ffor all
compression tests regardless of the extent of the
dilation.

These conclusions will be discuossed further in Chapter 4 in the
light of the suthor's results.




1.3.6 The stress-—strain theory of Roscoe and Poorooshasgb

based on unique (p,q, € ) surface for nprmally and
lightly overconsgolidated clays

Assuming a unique (p,q,ea) surface, an incremental stresg-

<ie, = (; éfﬂ) tiqiﬂ-(éﬁ%)-dV
dn v dv i)

: i:nr'here (demn)\?orresponds to the variation of €, with h in an

. undrained test and (devfdy)q'represents the variation of g,

with v in a constant q/ atress path. The total strain experienced

at any instant for any state path on the state boundary surface
ABCD in Fig.l1l.3 is calculated by integréting equation 1.2.

€,

€, = EAe‘z g“é\_% dn -+ [r(té_g ds 1.3
t 3 adq‘)\' 1l > ay n

The limitations of this theory will be discussed further in
Chapters 6 and 7 in the light of the author's test results.

e

1.3,7 The critical state concept and agsociated stress-—-strain

theories

Roscoe, Schofield and Wroth (1958) put forward the basic
concept that the end points of all tests performed on remoulded
saturated clay lie on a unique line in the (p,g, @ ) space, This
line was subsequently defined as the critical state line. At
the critical state, the material is capable of having unlimited
shear distortion without any fucther change in stresses or
volune. The critical state line &s assumed (i) to have a
constant slope I in the (@,p) space and (ii) to be parallel to
the virgin compression line in the (€-log p) plot. These state~
ments about the eritical state line will be studied in relation
to the author's results in Chapter 5. The parameter M is
assumed to be a fundamental property of the material; it was
used by Roscoe, Schofield and Thurairajah (1963a) in deriving an
expression for the energy dissipated internally in plastic
distortion. A stress—-strain theory was proposed by these
authors based on an energy equation and some of the concepts of
the theories of plasticity as developed for metals. This stress-
strain theory was subsequently presented in a concise form and
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tdeal material which satisfies all the assumptions made,
called the Cam clay (Roscoe and Schofield 1963). The
éssion for energy dissipation was later modified by Roscoe
Burland (1968) and a Hodified theory was presented in the
sht of the new energy eguation. The Cam clay theory and the
odified theory will be discussed in detail in Chapter 8,

oth (1965), using the energy equation of Roscoe, Schofield
ndfThurairajah (1963a) proposed an independent theory based

“an empirical strain equation which does not depend on theories
ﬁplasticity for metals. This theory predicts identical strains
“those obtained from the Cam clay theory for normally congoli-
ted clays. \

4_ Qutline of the contents of the vpresent thesis

. The first chapter of this dissertation (already presented
bove) beging with a general introduction of the broad aspects

5é£,the work carried out at Cambridge into the fundamental study
‘of the stress—-strain behaviour of soils. This is followed by

a section which includes definitions of the stress and sirain
ﬁarameters and some of the basic conecepts. The literature
ﬁublished on the yielding of cohesive soils is reviewed, but

cnly briefly in Chapter 1, since further details are given

when discussing the author's results in later chapters.,

Since a major portion of this dissertation is devoted to a
careful investigation of the experimental behaviour of clays,
Chapter 2 summarises the spparatus used, the measurements carried
eut and the errors involved. Possible improvements in test
technliques are suggested. Chapter 2 begins with a briefl descrip-
tion of modifications of conventional itriaxial test apparatus
‘including those required for the application of non-destructive
technigques to study the distributions of strains within the
samples. The overall test programme carried out by the author
is then presented in tabular form, Chapter 2 concludes with an
illustration of the methods used in the computations of the
localised strains and of the stresses.

In Chapter 3, the use of non-destructive techniques for the
measurement of local strains and local voids ratio is fully
described. They include a lead shot technigue which is used
to study the distribution of strains during the one dimensional
consolidation, isotropic consolidation and subsequent shear of
triaxial samples. The effect of end restraint on the strains
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iaxial specimens with conventional ends (i.e. porous stones
boiisbed metal, both of which induce friction) is investi-
od. The internal displacements and strains in specimens

thﬁiﬁbricated ends are also gtudied during the deformation
7ﬁ6rmally and overconsolidated clays both in compression and
nﬂéktension, This investigation ig carried cut both on 1.5 inch

ameter by 3 inch high samples and on 4 inch diameter by 4.5 inch

igh samples. In developing the X-ray absorption method for the
éfermination of local voids ratio from the optical density of
géiogpaphs it was necessary to study the effects of scattered
-radiaticﬂ on the X-ray filims. These effects were most satig-
féctopily reduced by making use of a Bucky grid. An alternative

amma ray method developed by Coumoulos (1967) to study the dis-
fibution of voids ratio in saturated clay samples was found to be
ﬁéétisfactory for the conditions of the triaxial test equipment.
it could perhaps be used for this purpose by some means which
ould increase the difference in absorption coefficient of the

fluid and solid phase in the sample,
: Chapter 4 is devoted to a study of the several factors that
influence the stress-strain behaviour as represented in the
(q‘/h, c), (q'/b s+ V) and (%e. %e) spaces. These factors include
the effects of (a) the initial moisture content of the slurry
- from which the specimens are prepared; (b) the one dimensional
| stress used in the sample preparation; (c) the similarity of
strains for tesls with similar applied stress paths performed
at different levels of isotropic stress; (4) the end restraint,
the sample size and the load increment; {e) time oﬁ the undrained
and fully drained tests, i

In Chapter 5 the behaviour of the specimens at peak stresses
is investigated. (The peak stresses correspond to the values
of g and p at the instant that the maximum value of g is observed.
Hor special tests in which g is held constant or is reduced the
reak stresses will refer to conditions at which the ratio
is observed to be a maximum.) This investigation includes the
effects of end restraint, initial one dimenslional consolidation,
load increment duration and the applied stress paths on the peak
~stresses. The peak stress envelopes in (4e,, log qg and 052;,1og%g
spaces are studied in relation to the critical state line assumed
by Roscoe, Schofield and Thurairajah (1963a).

Chapter 6 is concerned with the comparisons of the observed
deformation behaviour with those predicted from a number of

theories., The observed deformation characteristics correspond
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411 possible forms of stress paths. The basic concepts of
h:yield surface, the strain hardening law and-the flow rule
jderived from the simple Cam clay model and its Modification
%é-examined in relation to the experimental observations, The
_ress ~gtrain theory of Roscoe and Poorooshasb is also investi-

“afed. The stress paths reported in Chapter 6 cover all the
0531ble forms of deformation in the stable and unstable regions
and clearly illustrate the effects of anisotropy, Buchlnger gffect
ahd the hysteresis loops in the stress-strain behaviour for large
ﬁnloading and reloading paths.

In Chapter 7 the stress paths are classified by their slopes
into different groups for which different characteristic surfaces
are developed. Constitutive equatlons are then proposed to
'descrlbe these surfaces.,

The thesgls is concluded in Chapter 8 with a brief summary

6f the experimental findings, the limitationg of the existing
Qétressmstrain theories and recommendations for future work.
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CHAPTER 2

THE APPARATUS, TEST PROCEDURE, METHODS OF
MEASURING AND ASSOCIATED ERRCRS

2.1 The consolidometer for use with X-rays.

2,1.1 The selection of the material of the consolidomefer

The consolidometer was mainliy used for X-ray work, Hence
it was essential to select a material which has an absorption
coefficient which is as small as possible. Perspex and aluminium
were selected because of their relatively low X-ray absorption

coefficients.

2.1.2 Description of the base load cell and the consolidometer

A detailed description of the way in which the pedestal of
the base of a commercially available triaxial eell was modified
to incorporate a load cell has been given by Burland (1967) (see
his pages 73-4). Three diagrams of it are shown in Fig.2.1.

The 1oad cell is machined from an aluminium alloy. The four
active webs A (0.25 inch wide and 0.025 inch thick) have Saunders
Roe Foil strain gauges (4 inch) stuck to either side. The dummy
gauges are mounted on a hollow hexagonal shaped pillar D made
from a separate piece of duralumin which can be screwed into
position after all the gauges are connected to the terminal
board T. The top of the pedestal is 1% inch diameter and is
polished and smeared with silicone grease. The active face of
the load cell is 1 inch diameter and there is a clearance of

2 x 1070
rubber cap C covers the whole pedestal; it is held to it by

inches between it and the surrounding pedestal. The

Gaco rings. The output from the load cell was recorded on a
(S channel Foster recorder described by James (1965). The
load cell was calibrated by subjecting it to water pressure in
a conventional triaxial cell.

The special consclidometer to study the uniformity of strains
during the one dimensional (1-D) initial comsolidation of the
clay while preparing samples for triaxial tests is shown in
Fig.2.2 mounted on the modified triaxial base K which has been
described above. It consists of a perspex tube made in two
parts and connected by a collar. The internal face of the tube
is highly polished and is 1% inch diameter. The two parts are
held together by two metal end plates connected by four screwed
rods L. The bottom metal piate férms a seal against the rubber




cap C (Fig.2.1) on the pedestal containing the load cell. The
pigton M is made of PTFE to reduce friction between it and the
side walls., Its lower face contains a porous stone (f% inch
thick and type UNI 150 KV) and this is the only drainage face
for the sample, The casette N for the X-ray films rests in a
special holder with reference markers such aé P in Fig.2.2, fixed
in two rows on both sides of this holder. The whole apparatus
is mounted on the square base plate Q which can be fixed at one
end of a test bed while the X-ray head is mounted at the other
end. Loads are applied to the piston M by a hanger.

One test, to investigate the effects of side friction
during 1-D consolidation was carried out with the perspex tubes
(F in Pig.2.2) replaced by tubes of duralumin.

2.2 The triaxial formers for conventional and enlarged ends

When not wishing to study deformation during 1-D consoli-
dation clay samples were prepared in an adaption of the sand
sample formers made by Thurairajah (1961). It is shown in
Fig.2.3 in an assembled position. It consistse essentially of
a split mould 'A' (similar to that shown in Fig.2.4) positioned
in an outer casing C. The whole unit is clamped to the base of
a triaxial cell., A low vacuum is applied through the outlet F
to keep the rubber membrane G in position in the mould. The
extension piece E is clamped to the casing C with an outer ring
D. The load is applied through a piston P by a hanger resting
on a steel ball placed on the top of rod M. During consoli-
dation drainage takes place at both ends of the sample. Walker
(1965) made a former of similar design for preparing 1% inch
diameter triaxial samples on enlarged polished pedestals (2.25
inch diameter). After the samples had been prepared initially
by 1-D consolidation they were mounted in standard Clockhouse
triaxial cells which had been slightly modified. The triaxial
apparatus was placed on a turntable thus enabling the specimen
to be rotated through 90 degrees. Three types of end conditions
were used. (i) The conventional rough end was of a 1.5 inch
diameter porous stone (f% inch thick type UNI 150 KV) at the
base {(ii) Lubricated ends were provided by replacing this
porous stone by a f% inch thick highly polished brass disc
covered with a thin layer of silicone grease. Drainage was
permitted through a § inch diameter porosint (Grade B) stud
recessed at the centre of this brass disc. '
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R o (1ii) The enlarged end used is of the
game type as that of Walker (1965) (see his pages 75-79). In
all tests in the triaxial cells the top cap was of duralumin with
g highly polished lower face covered with a thin layer of silicone
grease. The volume change of the specimen was measured by a
10 c.c burette calibrated +to 0,02 cc, connected directly to the
triaxial cell base. The axial load wase applied through a G
shaped hanger;

2.3 The triaxial former and apparatus for 4 inch diameter sample

A new triaxisl former was made for the 4 inch diameter
specimen. This former was similar to that used by Thurairajah
(as described in section 2.2) with modifications to suit the
4 inch diameter standard Clockhouse triaxial cell and for radio-
graphic work., Fig.2.4 shows the various components of this _
4 inch diameter former. The 4 inch triaxial cell in an assembled
position is shown in Fig.2.5, It had been necesgsary to respace
the reinforcement rods @, which hold the outer perspex casing of
the triaxial cell together, so that they were at the corners of
a sguare. This enabled the specimen to be radiographed in two
prerpendicular directions.

2.4 The experimental éet up for taking radiographs

2.4s1 The compression triasxial tests

Fach test lasted for sbout 30 to 45 days and therefore it

was necessary to carry out about three to four tests at the same
time, All tests with radiographic work were carried out in an
X-ray compound shielded with double-lined lead screens L as shown
in Fig.2.5. With 1.5 inch diameter samples a focal film distance
of four feet was found to be necessary for good definition of the
images of the lead markers on the radiographs. Test beds six
feet long were made (the top of one can be seen at the bottom of
Pig.2.5, a better view is given in Fig.2.8). The 4 inch triaxial
cell A in Fig.2.5 was mounted on a turnitable B at one end of the
test bed.

| The 1% inch triaxial cells were each mounted on a special
base plate with a highly polished upper surface covered with a
thin layer ofpubricant. The 1% inch triaxial cell could then
be rotated about a vertical axis and could be clamped in two
mutually perpendicular positions. The casette holder H was
mounted on the same base plate at the back of the triaxial cell.
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mwo vertical columns of' lead markers, each 0.080 inch diameter
;ere fixed to both sides of the casette holder., The images of
these markers were used as references to allocate the true axes
of the triaxial system in the radicgraphs. During compression
tegts with 1.5 inch dlameter samples the lcad was applied through
a G shaped hanger. Wlth 4 inch diameter sample it was necessary
to design a special hanger so as to be clear of the triaxial cell
and its ancilliary equipment.during rotation. The triaxial cell
pressure was supplied through a flexible pressure tubing connec-
ted to the base of the triaxial cell. The X-ray head X was
mounted on a similar base plate at the other end of the same test
bed. The positions of the two base plates could be varied

along the length of the test bed. A new carriage system on
‘which the X-ray head is mounted enablesg it to be shifted with
eage from one test bed to another.,

2.4.2 - The extension triaxial tests

During extension triaxial tests (in which the triaxial cell
pressure exceeded the axial stress) a metal frame F (in Fig.2.5)
carrying two pulleys P1 and P2 was fixed to the top of the test
bed. A proving ring was fixed to the upper end of the ram and
this system of ram plus proving ring was counter balanced by a
weight supported by the wire attached to the pulley system.

The axial load was applied to the top of the ram through the
proving ring by placing dead weights on the counter balance
hanger. A modified ram (Loudon 1967) was used for the extension
tests with 1.5 inch diameter samples. Fig.2.6 gives the details
of this ram. The ram was hollow and contained three equally
spaced vertical sleots at its lower end, The ram R was lowered
into the guide H of the top cap. A conical wedge W inside the
lower end of the ram could be drawn upwards by tightening the
screw S thereby causing the lower end of the ram to expand and
grip the top cap. The screw Sis supported by the plate T which
is fixed to the proving ring. Leakage of the cell fluid through
the ram was prevented by small Gaco "O" rings clamped round the
shaf't by tightening the nut N.

For the 4 inch triaxial cell a similar ram was made but it
was fixed to the top cap by a different arrangement. A hard
metal pin was driven horizontally through the ram at its lower
end and could be made to lock itself in grooves machined in the
sides of the guide H in the top cap.
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The perspex jig and probe for placing lead markers

R.4.30
Fig.2.4 shows the perspex Jjig and the probé used for placing

1ead markers in the clay samples. The perspex jig can be slid
into the top of the extension piece of the triaxial former so
that it 1s located by the two pins projecting above this former.
The lower surface of the jig is then nearly in contact with the
upper surface of Kaolin. The holeg in the Jig are egqually
spaced on any of the three pairs of mutually perpendicular
diameters with the spacing different for each pair. The probe
haa a small cavity at one end in which the lead markers sit
while being forced down to their respecitive positions. Tais
method of placing lead markers was found to be satisfactory
even with the four inch diameter sample, in which some of the
lead markers were located correctly at a depth of 17 inches
.below the jig. Fig.2.7 is a typical radiograph of a 4 inch
diameter sample at the end of the isotropic consolidation.

The images of the lead shot within the sample can be clearly‘
seen, as can those of the reference markers down each side of
the radiograph.

2.5 The triaxial sample preparation

Air-dried Kaoligkwas mixed with 160 p.c. of distilled water
in a commercial pugmill for about three hours under a vacuum of
20 inches of mercury. The highly polished brass disc with a
thin layer of silicone grease, and containing the central porous
stone was then placed on top of the pedestal and was just covered
with distilled water. The conventional cylindrical rubber mem-
brane was then attached to the base pedestal with Gaco "O" rings.
The split mould (see Fig.2.3 or 2.4) was assembled around the
membrane and the membrane was sucked to the inner surface of the
mould with a vacuum of about 20 inches of mercury. A thin
layer of silicone grease was applied to the inner surface of the
membrane, Kaolin slurry was then carefully placed inside the
membrane with a long handled spoon. Care was taken to prevent
trapping any air bubbles. When the extension piece was nearly
filled, the perspex Jjig was placed in position. The lead
markers were then forced into position in a regular pattern.
After placing all the markers, the perspex jig was removed, the
upper surface of the Kaolin was levelled and a little distilled
water was added. The piston was then inserted into the extension

. *' L\w \3\_\;\“\‘ = f‘[‘.{_. 2 ?lﬂs f& \Dv\—“‘“\' = 42., PIMJ{&,&\.I II\(;‘,EK.‘."., 32 , SIIOCEFCC laYﬂ.vd‘l)!: 2;6[
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plece. With the 1.5 inch diameter specimens the first load was
the weight of the hanger itself (about 5 1lbs.).’ Subsequent

loads were applied in increments of 5 1lbs at 12 hour intervals,
Except where otherwise stated, all specimens were prepared under

a meximum 1l-D consolidation pressure of 22.6 psi. The last
increment of lcoad was normally applied for a day. The loads

were proportionally increased for the four inch diameter specimens
to give the same pressures,

At the end of one dimensional consolidation the outer ring
that clamps the extension piece to the base (D in Fig.2.3) was
renoved, The sample was trimmed with a wire saw through the
gap between the extension piece and the base. After removing
the extension piece (E in Fig.2.3) the }evel of the upper surface
of the sample was checked and distilled water was added to prevent
the absorption of air. The top cap with a thin layer of silicone
grease applied to its lower polished surface was placed in position
and a ¢ylindrical rubber membrane wasg sealed to it with three or
four "hard" Gaco "O" rings (initially 1{% inch internal diameter).

The sample former was then removed and the top portlon of
the triaxial cell was placed in position and clamped to the base.
The cell was filled with the appropriate cell fluid from the
upper end. The ram was inserted into the top cap guide and

locked in position.

2.6 The sample preparation of specimens for the scanning

electron microscope

The following is an abstract of the methods adopted and des-
eribed in detail by Tovey (1969) for the preparation of specimens
of the samples to be viewed in the scanning electron microscope.
The following epecimens were investigated in the scanning electron
microscope: (i) at the end of 1-D consolidation. (ii) at the
end of isotropic consolidation. (iii) after the failure of a
sheared sample. The samples at the end of 1-D consolidation
end of isotropic consolidation were dismantled quickly from the
gatate corresponding tc their maximum stresses and specimens about
one cm., cube were cut from them while still wet. The 1-D con-
solidated specimens were then freeze-dried, while the isotropically
consolidated specimens were air-dried. Tdeally all specimens
should have been dried by the sgame method but this system was
adopted at Tovey's request. All samples after shear in the
triaxial were oven-dried. All the dried specimens were then
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fractured to obtain a clear fractured surface and the remaining
gides were trimmed to give a fractured surface area of about

3 inch x f% inch, Fach small specimen was then mounted on the

16

end of a small § inch diameter brass tube. The sides of the
gpecimen were coated with silver dag and the fractured surface
was vacuum coated with a layer of carbon 50 to 100°A units thick

and this was followed by a layer of gold about EOOOA units thick,

2.7 The triaxial cell pressure

The cell pressures were obtained from constant head equip-
ment described by Bishop and Henkel (1962). The cell pressures
were measured on Bourdon gauges to an accuracy of 0.1 psi or
0.01 Kgm per sg.cm. Except in one test where water was used
all the other tests were carried out with silicone oil (350
centi stoke) as cell fluiad,

2.8 The eguipment for non-destructive tests.

2.8.,1 The X-ray set

The X-ray equipment used was a Meuller M.G.150 Industrial
set. Detailed descriptions of the set are given in 0'Loughlin
(1964) and James (1965). Briefly, the X-ray set can be operated
either with a fine focal spot of 1.5 mm or with a coarse focal
gpot of 4 mm. Since the completion of the author's experimental
program provisions have been made to use a finer focal spot of
Oe4 mm, The maximum range of tube voltage was from 50 kV to
150 kV. The maximum tube current was 20 milliamp with the
coarse focal spot and 8 milliamp with the fine focal spot.
0'Loughlin found that the intensity of radiation was uniform
within a cone of semivertical angle of 22.50. The input
voltage was stabilised within 0.1 p.c. using a regulator in the
range 190 to 260 volts.

2.8.2 The X-ray films

Kodak Industrex type D (fast and High contrast) films
were used for almost all the work carried out with lead shot
technique. Occasionally Crystallex films were used for better
contrast but exposure times were much longer than for the Indus-—
trex D film. The film was placed between two lead screens
(0.004 inch thick at the back and 0.006 inch thick in the front)
inside a standard Kodak steel casette. The casette was placed
in position by sliding it inside the casette holder as shown in
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Fig.2+5. It is then firmly pressed against the front face of
the casette holder by tightening the wing nuts pn the back face.

2.8.3 The exposure of X-ray film

The exposure time was selected by trial and error to obtain
an optimum film density of 1.0 as suggested by James (1964).
The exposure time used for the 1-D consolidation tests on 1.5
ineh diameter samples varied from 1.5 to 2 minutes at 70 kV with
a tube current of 15 mA and the fine focal spot. A focal film
distance of 50 inches was employed. Approximately identical
exposure conditions were used for all triaxial work on 1.5 inch
diameter samples. Two types Gf‘exposure conditions were employed
with the four inch diameter samples depending on the focal film
distence (f.f.d.). With f.rf.d.'s of 50 and 120 inches, exposures
of 4 mA for one minute and 6 mA for 8 minutes at 130 KV were
used.

2.8.4 The processing of exposgsed films

The exposed films were developed in DX-80 developer for
four minutes, according to the manufacturer's instructions.
The films were agitated while being developed for about ten
times at the end of each minute. The films were then fixed
in acid fixative for 12 minutes. Afterwards they were washed
in running water and dried. The developed films were kept in
boxes and stored in a cool dark place.

2.8.5 The measurement of the positions of the images of the

lead shot markers on the X-ray films

The radiographs taken in the earliest tests carried out by
the author were measured in the Orthogonal displacement meter
described by Roscoe, Arthur and James (1963}, Since fifteen
to twenty radiographs were taken in each test, a faster method
of measuring the displacement of the coordinates of the images
of the lead markers had to be obtained. Subsequent measurements
were therefore carried out in the Cavendish Laboratory using a
new machine (called CLARA) which is described in detail by Lord
(1969). CLARA had the disadvantage of not being able to take
films broader than 2 inches in width. This was a handicap
because it was necessary to cut the radiographs to this dimension

. before measurements could be made with CLARA. Late in the
author's test programme a new measuring machihe designed and
developed by Janmes (1968) became available and was used for a
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third series of measurements on the 4 inch diameter samples and
a few on the 1.5 inch diameter samples. A detailed description
of the apparatus is given in James (1968).

2,8.6 The Baldwin densitometer for the measurement of

film density

Film densifies were measured on a Baldwin densitometer.
The apparatus will not be described in detail here since it was
operated according to the manufacturer's manual. The instru-
ment was capable of measuring £ilm density to an accuracy of
0.0 in the range 0 - 3 and to an accuracy of 0.005 in the
ranges 0 - 0.5, 1.0 - 1.5 and 2.0 - 2.5, A-f% inch aperture
was used and the density recorded was an average value over

this area.

2.8.7 The Parallel plate Collimater

The parallel plate collimator described in Appendix 1 was
first designed by Sirwan (1965) and consists essentially of a
gseries of 4 x 2 x 0,036 inch steel plates. The spacing between
the plates was adjusted so that they were in the same plane as
the X-ray beams, thus producing images of the least possible
thickness on the radiograph.

2.8.8 The Bucky grid and the Mechanism for its movement

The most efficient method of counteracting the effects of
scattered radlation is by the use of a Potter-Bucky diaphragm
or grid (Bucky, 1938). This diaphragm consists essentially
of alternate thin strips of lead and of paper. The central
strip is normal to the plane of the diaphfagm and other sirips
are arranged so that when viewed from the focus of the grid they
appear to be as thin as possible. All radiations other than
the primary (and those which do not make too small an angle with
the primary rays) are absorbed by the lead lamellae. The grid
was moved during exposure to prevent the formation of the images
of the lead strips on the radiograph. To achieve uniform film
density it is essential for the grid to remain focussed during
the motion. The mechanism for the movement of the grid is shown
in FPig.2.8. The grid was mounted on a frame carrying a roller
at its bottom end which moves on the surface of a constant
-velocity rotating cam, Further detaills showing the linear
displacement of the grid with time while the cam is rotating

is given 1in Appendix 1.
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2.,8,9 The Gamma ray apparatus and ancilliary equipment

Only a8 limited amount of experiments have been carried out
with the Gamma ray apparatus for reasons stated in Chapter 3.
A few additional experiments were carried out for the author
by Donnelly (1966). The apparatus wag designed and used by
Coumoulos (1967) and will therefore only be described briefly
here. Fig.2.9 shows the apparatus mounted on a test bed with
a triaxial specimen of Kaoclin. The apparatus consists of a
main frame F which supports the radloactive source S and qpe
detector D. The scurce and the detector are carefully aligned
using a light source and both remain aligned during any subse-
quent movement. It is possible to move them either horizon-
; 1 and 82.
with a half life of 458

years and a peak enefgy of 60 keV was used. A scintillation

tally or vertically by means of the hand wheels 5

A low energy Americium source Am241

-counter with a thulium activated sodium iodide crystal was used
ags the detector. The advantages of using a low energy source
and a scintillation counter are discussed in detail by Coumoulos
(1967). A scalar directly connected to the counter amplifies
the signal Trom the photomultiplier and records those photons
that lie between selected energies.

2.9 The types of tests and their designations

2.9.1 The desgsignation of the tests

All tests are classified into 5 groups according to the
Tollowing designation:

Group 1: The bulk of the tests on 1% inch diameter samples are
designated by alphabetical letter systems in the following
sequence (i) A,B,Cy.....Z; (ii) AB,AC,.....AZ; (iii) BA,
BB,BC.u.eoBZ; (iv) CA,CB,CCeeee+CZ; (V) DAyDB,ssss.DZ

Group 2: A few tests on 1% inch diameter samples were carried
out in a special constant temperature roomn, These are
designated by the letter T with a numeral suffix, namely

le TB"....TEG.

Group 3: Large 4 inch diameter triaxiasl tests are designated
with slphabetical letters beginning with the letter O.
E.g. OA, OB’ Oc.....etc.

.Group 4: A series of tests with the Bucky grid are designated
by the letters BE followed by a numeral. E.g. BGlL, BGRyjeases
etc.
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¥ Group 5 A series of tests with Gamma ray measurements are

designated by the lettier G fcollowed by a number,
BE.g« Gl, G2.s.os.ete,

2,9.2. Types of testis

All tests were further classified by subdividing them
according to the stress or strain paths imposed upon them as
gshown in Tables 2.1 to 2.22 inclusive. For ease of reference
the headings of these tables are quoted (untess otherwise stated
all tests are on 1% inch diameter samples).

Table

Number Type of test

2.1 (a~c) The one dimensional consolidation and swelling tests,
2.2 (a=-c) The isotropic consolidation tests.

2.3 Drained and undrained compression tests on 1% inch

diameter sample with different end conditions.
2.4 (a~b) Shear tests on specimens prepared with different
initial one dimensional consolidation stress.

2.5 Shear tests with different load increment sizes.

2.6 Tests on 4 inch diameter specimens.

2.7 - Constant ¥olume compression tests.

2.8 Constant p compression tests.

2.9 Drained tests with applied stress path %% = 3.

2.10 Other drained tests with dg >0 dp>o0 andco = %%> 0.

2.11 Extension tests.

2.12 Anisotropic consolidation tests.

2.15 Tests with linear strain paths i.e. U/f = constant.

2.14 Tests on overconsolidated specimens.

2.15 Tests with stress paths, where dp< o dg> 0 and
below the undrained test path in a (p.q) space.

2.16 Tests with stress paths, where dp« 0, A< 0 and
() >o.

2.17 Tests with stress paths where dp<«< 0, dg< © and
d(%)s 0. '

2.18 Constant g tests,

2.19 Tests with stress paths where dp >o¢, dq< 0,

%%<( S); S denoting the slope of undrained stress
path in the (p,q) space in a direction in which g
is decreasing.




~ Table
Number Type of tests

2.20 Tests with stress paths where dp> o0, dg< o and
%%:>(§ );: S denoting the slope of undrained stress
path in the (p,q) space in a direction in which g

is decreasing.

2.21 Tests on specimens which have been initially sheared
and subsequently subjected to stress paths where

q and p increase.,

2.22 Tests with stress paths (where %% = constant)

originating from stress ratios higher than zero.

2.10 The computaticon of overall stresses and strains

2.10.,1 The axial gstress and the ram friction in triaxial tests

The axial load transmitted to the specimen was measured out-
side the triaxial cell and it was assumed that the frictional
loss was negligible, A } inch diameter ram was used with the
1.5 inch diameter specimens and a 2 inch diameter ram with the
4 inch diameter specimens., As stated by Bishop and Henkel (1962),

provided the ram and ﬁushing are smooth and have adequate clear-
N

ance between them, friction can only arise as a result of lateral
forces which push the ram against the bushing. The following
note has been taken from Bishop and Henkel "Theoretical studies
--on tests by Haussler indicate that in a well designed cell the
friection should not exceed about 1.2 p.c. of the axial load
provided oiiy lubricants are used, Warlam in a study of methods
of loading used in triaxial tests concluded that the friction
using a 3 inch diameter ram would lie between 1 p.c. and 3 p.c.
of the axial load for most of the load range." It was observed
by the author that a load of 1 1b was sufficient to move the
ram in the bushing and often this was achieved by the self weight
of the ram alone. Further, all the tests were carried out with

gilicone fluid as cell fluid, which acted as a lubricant and

minimised the effect of friction.

However friction due to non—uniform deformation of the
sample cannot be avoided. It will be seen later that the
deformation of all specimens tesgsted with frictionless ends was
approximately uniform up to the peak stress ratio. Neverthe-
less it is desirable to develop techniques for the measurement
of axial stress inside the cell, such as those proposed by
Holubec (1966).
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The alternative method of reducing the friction with the use
of a rotating ram, or a rotating bushing suggested by Anderson
and Simon (1960) and used by Mitchell (1967) needs further
investigation to show that this rotation dees not induce torsiconal
stresses in the specimen. Bishop and Henkel (1962) stated that
"g limited number of tests at Imperial College in which the load
had been measured both with and without the rotation of the
bushing or ram indicate that the errors normally lie bhetween
1 p.c. and 3 p.c. when no rotation is used..... In some cases
however additional accuracy is required and under these con-
ditions, a rotating bushing appears to be the simplest satisTactory
way of reducing friction. Rotation of the piston itself can trans-
mit torsional stresses to the specimen which may alter the stress
system sufficiently to nullify to a large extent, the increased
accuracy in the measurement of axial load." With the high
accuracy of the lead shot measurement in James' new measuring
machine it is possible to detect the magnitude of torsional
strains by a stereoscopic method using X-rays. For the inter-
pretation of the results in this thesis, the author assumes
that the effect of ram friction is negligible.

2.10.2 The cell pressure

As stated previously (section 2.7) the cell pressure was
measured to an accuracy of 0.1 psi, or 0.01 Kgm per sg.cm.

2.10.3 The pore pressure measurement

Except for two tests where a Bishop type null indicator
was used, for all other fests the pore pressure was measured
with Bell and Howell '"range flush mounted type" transducers.
The outputs from these transducers were measured on a digital
voltmeter. The transducers were capable of measuring pore
pressures in the range 0-150 psi to an accuracy of 0.01 psi.
All tests with pore pressure measurements were carried out in
a constant temperature room (2500 + %OG). It is desirable
for the flexibility of the pore water pressure measuring system
to be as low as possible. By simple calculation of the flexi-
bility of a transducer and the dead volume of the measuring
system, Ting (1968) showed that the volumetric change of this

r?ing/psi. This figure may be compared with

system was 2 x 10
5 x 10_61n5/psi for the Bishop null indicators. Ting also
showed that the flexibility of the ftransducer system corresponds

to an error of 19 x 10~° in the volumetric strain of a 1% inch
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diameter triaxlal specimen. At present, the volumetric strains
cannot be measured to a better accuracy than 0.00]. Therefore
it is apparent that the Bell and Howell transducerswere quite
satisfactory for the measurement of pore pressure.

2.10.4 The local measurement of pore pressures

The four inch di@ater triaxial cell was originally designed
to carry five miniature semi conductor transducers 3 inch long
and § inch diameter for the local measurement of pore pressures.
These transducers were buried in the specimen together with the
lead markers, These transducers were originally used by Burland
(1967) for the measurement of local pore pressures in a Model
clay footing. Burland stated that these transducers were most
desirable since they eliminated the long length of flexible pore-
water lead and therefore had the minimum possible flexibility.

It should be noted that the pore pressure probes used by Blight
(1963) and McDermott (1965) had a length of flexible tubing,
leading from the porous element to the pressure measuring device.
The author carried out only one undrained test with the semi-
conductor transducer prcobes used by Burland. It was observed
that the range of pressure (0-20 psi) of these traneducers was

not sufficient for triaxial testing. Alternate transducers of
the same shape are now under construction by Ward and Hambly at
Cambridge. Further work on local pore pressure measurements will
have to be deferred until these transducers become available.

2.10.5 The area correction for constant deviator stress

At high stress ratios the deformations are large for small
increases in deviator stress. Therefore it was necessary to add
small weights of the magnitude of 0.25 1lb at intervals of time to
maintain the deviator stress approximately constant, for a known
increment of deformation,

For constant deviator stress

W+ AW _ W _ 2.1

A0 + A A AO

where Ao = (%%) and

W is the deviator load at volume Vo and height Ho, while W+ AW is
the deviator load at volume (Vo- A V) and height (Ho- &aH). The
additional weight W was calculated from equation 2.1 for known
values of W, Vo, Ho, AV and AH.




2.,10.6 The membrane correction

A membrane correction was applied t¢ the measured value of

the deviator stress. The corresponding A g for the measured
deviator stress (as given by Bishop and Henkel 1962) is

Aq= Tp Mg 2.2
a

- where D is the average diameter of the specimen, M is the com-
pression modulus of the membrane, Elis the axial strain and a
is the corrected area of the sample.

2.10.,7 The overall axial strain

The axial strain was computed from the initial height and
the change in height of the specimen. -The change in height was
measured by a dial gauge to 10_4inch or 10_5mm accuracy.

2,10,8 The overall volumetric strain

The overall volumetric strain was computed from the initial
volume and the change in volume of the specimen as recorded from
the burette readings.

2.10.9 The effects of leakage

The leakage of cell fluid into the specimen and the
leakage of water from the specimen and from the drainage con-~
nections caused errors in the measurements of pore water pressure
in uwndrained tests and in the volumetric strains recorded in

drained tests. The investigations carried out by Poulos (1964) and

Walker (1965) indicated that leakage past the "0" rings could be
reduced to negligible proportions provided tight "O" rings were
used to seal the rubber sheath to the end caps and provided the
end caps were highly polished with a thin layer of silicone
greasgse at the sides. Further, the use of teflon sleeves for the
Klinger cocks and soft copper washers for the Joints proved to be
satisfactory for the elimination of leakage at these joints..

A detailed theoretical and experimental investigation was carried
out by Ting (1968) into membrane leakage using different cell
fluids. He concluded that "(a) the use of water as cell fluid
causes diffusion of water from the cell into the specimen,

(b) the use of castor oil as cell fluid causes reverse leakage

of water from the specimen into the cell fluid, (c¢) with silicone
01l as the cell fluid no leakage was detected. For the present
purposes the performance of silicone o0il as a cell fluid to

2-1b

i




prevent membrane leakage is extremely satisfactory."

The author computed the volumetric strain from the dis-
placements of the lead markers buried in the soil. The results
are presented in Chapter 3 and they confirm the conclusions
reached by Ting, that the use of gilicone o0il as cell fluid
prevents membrane leakage.

2.11 The computation of local strains from the lead shot

measurements

2.11.1 The method of computation of strains as given by
Roscoe, Arthur and James (1963)

Roscoe, Arthur and James (1963) described a method of
determining strains in the plane strain condition from the dis-
placements of .four neighbouring lead shbt markers buried in the
soil. Fig.2.10 gives the original positions and the displace-
ments of the four markers 1,2,3 and 4 lying in one plane within
a soll mass. The distancesbetween these markers bg%%g ﬂx and
\QS . The displacement of the markers with respect to axes x and
y as shown are (u,, v, ), (u,, v, ), (u,, v, ) and (wes ¢ )
Assuming the displacements to be small compared to the diagonal

lengths, the strains §€x,, 563 and 52&9 are given by

€ = (u, - u)fd, 2.3
S€y = (v, ~ v, )/ dy ' 2.4
and ¥, = (v = v)[de + (v, - w)fd, 2.5

From Mohr's circle of strain, the magnitude and directions of
the major and minor principal strains are given by

se .
Seﬂ - 4(3€, +8€y) 4 %J [:( s€, - 8¢, )% ( 3%, )2 2.6

and ol = § tan T [5-.75x3/( de, - S€y ):l 2.7

where of defines the direction of €, and is positive when measured
clockwise from the x-axis.

2.11.2 Sirwan's method for the computation of strains from

the displacements of lead markers buried in triaxial

gpecimens of sand

Sirwan (1965) determined the strains in triaxial specimens
of sand by arranging the lead markers at the vertices of regular
tetrahedra as indicated in PFig.2.11. Sirwan computed the radial
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strains in two perpendicular directions at any section B from
the radial displacement of the markers in this plane. The
axial strain along the centre line was computed from the axial

displacement of the markers in planes such as A.

2.11.3 The author's methods of arrangement of lead shot

markers in the triaxial specimens.

(1) The.arrangement of lead markers for 1.5 inch diameter samples

The lead markers were arranged in two mutually perpendicular
vertical planes containing the axis of the sample as shown in
Fig.2.12 (a) and (b). During the computation of strains in
plahe 1, the markers were again separated into two sets called
i3 1A and 1B as shown in Fig.2.13. Plane 1A contains all the rows
'”ii that have 3 shot 1In a row while plahe 1B contains all the rows
A ' containing only a pair of shot. This method was adopted to be
able to compare the strains from one plane with those in the
orthogonal plane, For example in studying the distribution of
axial strain along the centre line and at the circumference, it
is convenient to use plane 1A since all markers at the circumfer-
ence and at the centre are in the same horizontal plane. Again

when radial strains are compared at the same horizontal section,
it 1s convenient to use plane 1B and plane 2. The average
volumetric strailn for the whole sample when computed from the
lead shot measurements will be a truer value when the number of
slices is increased to the maximum possible'i.e. use is made of
the displacements of all the shot.

(ii) The arrangement of markers in 4 inch diameter specimen

With the 4 inch diameter sample, lead markers were arranged
in two perpendicular planes. At any one horizontal section the
arrangement of markers was symmetrical across the two perpendicu-
lar diameters. In individual tests the number of columns in any
one plane varied from 6 to 9 while the number of rows varied from
8 to 16.

2.11.4 The computation of coordinates of markers

Two vertical rows of reference markers were fixed to the
casette holder. These markers lie outslde the dimensions of
the specimen. For computation purposes a pair of Cartesian
axes was selected with its origin coinciding with one of the
reference markers and one axis coinciding with one vertical row.
These axes are fixed in space and were used as reference axes to




give the coordinates of any point within triaxial specimens.
However during measurements in CLARA or in James' machine, each
of these machines has a pair of separate coordiﬁate axes fixed
within themselves. Consequently the measurements were always
carried out with respect to Cartesian axes of the respective
machine. To obtain from these measurements the coordinates
of any desired point with respect to the triaxial reference
axes it was necessary to carry out the computations indicated
below. The computations allow for the shift and rotation of
the machine axes that are required to make them coincide with
the triaxial reference axes, as indicated in Fig.2.14.

The respective transformation relations are (see Fig.2.15)

X = (xl- h) cos® - (yl- k) sin ©
y = (yl— k) cos ® + (xl-h ) sin © 2.8
tan & = ;X - h

E=l

where xl and y1 are the coordinates with respect to the machine
axes; X and y are coordinates with respect to the triaxial
reference axes. The point A is the origin of the triaxial
reference axes and has coordinates (h,k) with reference to the
machine axes prior to any shift or rotation.. The second marker
point B is another point defining the triasxial reference axes.
This point B has coordinates (X,y) with respect to the initial
machine axes which were used for all the measurements.

2.11.5 The calculation of strains from the coordinateg of

markers and their displacements

(i) Method 1

In this method the axial and radial strains were computed
directly from the axial displacements and the radial displace-
ments of four markers lying in the same vertical plane. The
axial strain €, and the radial strain €, are given by

y
%k = log Y(xl—xz)/xxl—xg)+(cl-02ﬂ]
€, = log [ gy )Avzv,)+(a5-a, )] '

where X3 X5 are the X coordinates of the markers in the same

horizontal plane and cy and Cy are the corresponding displace-
ments in the x direction. 'yl and yo are the ¥y coordinates of
the markers in the same vertical line and dl’ dz are their cor-

responding displacements.




(ii) Method 2

In this method the strains were computed from the displace-
ments of 3 markers, by assuming a linear homogenous function for
the displacements in terms of the coordinates. Consider the
three markers A, B and C with coordinates (Xl, yl), (xz, yg) and
(XS, y5)._ The corresponding displacements of these markers
peing (ul,vl), (uz,vz) and (uS,VS)

then u = ax + by + ¢ 2.10
and v s dx + ey + T 2.11

where a, D, Cissv.esf are constants

_  o\u —
SE, = g =a 2.12
- o1 - 2.13
éeﬁf 24 ©
and P _ 1 du v _ 1
exy =% ( 55 * 5 ) = 2 (o+d) 2.14

Also the principal strain rates 56, and 3E3 are

ae,
[863 = 3( Sex + SEH ) %Jﬁsex_seg)a_‘_ (28&3‘5)2‘]

a, €, b and d are obtained from the eguations

1 a = u

1 ¥ 1
Xg ¥g 1 b = R 2.16

Xz Vg 1 C = U,

and Kl yl 1 a = v
Xg I 1 e = Vg e L7

Xg Vs 1 T = v5

The computation of the coordinates, displacements and the strains
was carried out using the Titan Computer.

2,11.6 BSelection of triangular elements for strain measurements

Fig.2.13 illustrates the method of sel%tion of triangles.
For plane 1A each rectangular element bounded by the six markers
A, B, C, D, B and I were split into 4 triangles. The strains
were computed for each triangle and this procedure was repeated
» for the rest of the rectangular elements. For planes 1B and 2,
each rectangular element was broken into 2 triangles,




2.12 Errors and improvements

The accuracy of the measurement of strains from the lead
shot technique in triaxial specimen is dependent on several

factors. _
(i) The precise repositioning of the casette and the X-ray tube
between successive radiocgraphs.

(ii) The change in size and the distortion of the film due to
- such causes as humidity and temperature changes.

(iii) The accuracy of the measurement of the poeitions of the
markers in the film,.

(iv) The deviation of the arrangement of the markers from the
.assumed planes.

With the use of fixed base plates for the X-ray head and for the
casette holders errors due to the repositioning of the casette
and the X-ray tube were reduced to a very small order.

The number of markers used in the triaxial specimens were
about 30 for the 1.5 inch diameter sample and about (100-150)
for the 4 inch diameter sample. Hence the time taken for the
measurement of each radiograph was about 10 minutes for the 1.5
inch diameter sample and was about 30 minutes for the 4 inch
dlameter sample, During measurement the radiographs were covered
by a thick sheet of perspex to reduce the expansion of the Cilms
{(due to the heat from the projector of the measuring machine) to
a very small order. The time taken for the measurement of each
ghot was of the order of 15 to 20 seconds.

Although every effort was made to arrange the wmarkers in one
plane it was not possible to guarantee that all the shot were
exactly in the plane in which they were assumed to be during the
initial arrangement and deformation. The markers were probed
into the samples when the clay was in the form of a slurry at
160 p.c, moisture content. To check the possibility of the
deviations of the markers from the assumed plane, radiographs
were taken in mutually perpendicular directions.

With the four inch diameter specimen, the contrast on the
radiographs of the images of the markers close to the ends of the
specimen was considerably reduced by the effect of scattered
radistion from the end plattens. The use of a Bucky grid was
found to eliminate the effects of scattered radiation and improve
the quality of the contrast and definition of lead markers in
thick specimens ( T inch) of sand. A similar method could be
adopted for the clay specimens. However with the sutomatic
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measuring device designed by James the contrast and definition
of the marker are not critical. Due to the lack of time the
author has not done any measurements with the gutomatic device.
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CHAPTER 3

THE USE OF DESTRUCTIVE AND OF NON-DESTRUCTIVE TECHNIQUES

FOR THE STUDY OF THE DEFORMATION CHARACTERISTICS OF KAOLIN,

L4

3.1 General Introduction

Non-destructive technigues using X and Gamma rays have been
developed in Cambridge for the determination of internal strains
and voids ratio in deforming soil masses. These methods are
mainly used to (i) check the uniformity of deformation of soil
specimens in various types of soil test equipment such as the
conventional triaxial apparatus (described by Bishop and Henkel
(1962), Rowe and Barden (1964)), the simple shear apparatus
(described by Roscoe (1953)), etc.; and {(ii)} determine the
patternse of internal strains and changes of voids ratio in
deforming soil masses in boundary value problems, e.g. wall and
footing problems in sand (James (1965)) and clay (Burland (1967)).
X-ray technigues were first developed by Roscoe, Arthur and James
(1963) for determining such patterns under plane strain conditions
from the measurements of the displacements of lead shot markers
embedded in sand. X-ray absgsorption techniques for the measure-
ment of local voids ratios in laboratory specimens were initiated
by 0'Loughlin (1964) and further developed by Sirwan (1965).

The limitations of the latter method for saturated triaxial clay
specimens will be discussed in section 3.7. Attempts have been
made during the past decade to use Gamma rays to determine the
density of soil both in the field and in the laboratory. Two
techniques have been used: (i) the back-scattering method and
(11) the direct absorption method. Schematic diagrams of both
methods are shown in Fig.3.1. In the back-scattering techniqgue
the Gamma rays emitted from the radicactive source are scattered
by the soil and during this process the energy of the photons is
usuvally decreased, Some of the scattered photons return to

the detector and are counted. The back-scattering method was
used by Skopek (1957) for surface measurements and by Cameron
and Bourne (1958) for subsurface measurements. In the direct
absorption method, the transmitted radiation consisting of un-
scattered (primary) and some scattered photons is measured.
Bernhard and Chasek (1955) obtained empirical expressions for
the intensity of primary and scattered radiation in terms of

the wet density and the source-detector distance. In both the
back-scatter and direct absorption methods, the determination of
voids ratio invariably depends on some form of calibration
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curve relating the transmitted counting rates to the densities
of a number of specially prepared soil samples each of which is

assumed to be uniform. While these technigues may provide
valuable (but approximate) information in field problems the
accurate determination of voids ratio in laboratory specimens
used for research purposes required intensive experimental and
theoretical investigation. A detailed study of the use of
Gamma rays for this latter purpose was carried out by Coumoulos
(1967). This method will be further discussed in section 3.7.
In this chapter, however, the author's main study of the de-
Tformation of c¢ylindrical specimens of Kaolin was achieved by
employment of the lead shot technique.

3.2 The assumptions made in the measurement of strains with
the lead shot technigue '

The general assumptions made in the derivation of strains
from the measurements of displacements of lead shot margers are:
(i) the mass of soil within the smallest gridﬁ???&?wmﬂége is
no relative movement between the lead markers and the surrounding
soll. The experimental assumptions in support of these assump-
tions have already been presented for sand by Roscoe, Arthur and
James (1963). The validity of these assumptions for clay will

be considered in sections 3.3.5 and 3.5.3(e).

B D The one dimensional consolidation tests with the lead shot
technigue for the measurement of local strains.

3.3.1 Intreoduction

The structure of c¢lay particles is assumed to have no
preferred orientation after remoulding. However such orientation
may develop during subsequent consolidation. Hvorslev (1960)
suggested that during the uniaxial consolidation of a remoulded
clay that the particles developed a preferred orientation in s
directlion perpendicular to that of the major principal stress.
Thompson (1962) suggested that this preferred orientation did
not develop to the same extent simultaneously throughout any
such sample, but he did not measure local strains within his
samples. Sirwan (1965) using the lead shot technique to measure
local strains in consolidometer samples observed that the con-
solidation during the first application of load was larger in
layers close to the free draining surfaces than for the other
- layers in the samples., For subseguent lcoad increments he
observed that the consolidation was larger in layers which were
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remote frem the free draining surfaces than for those that were
close. It must be emphasised that the mechanism of one dimen-
sional consolidation is further complicated by the effects of
side friction. Side friction measurements in consolidometers
have been carried out by Leonards and Girault (1961), Thompson
(1962) and Burland (1967) among others. These measurements
indicate that the magnitude of side wall friction can be reduced
to a very small order by lubricating the walls with silicone
grease. The author's one dimensional consolidation experimen-
tal results using the lead shot technigue will be presented in
this section. In addition to the sirains the magnitude of side
friction was measured by making use of the load cell (described
in section 2.1.2) at the base of the sample. The apparatus
used and the method of sample preparation have already been
degcribed in sections 2.1 to 2.5.

3.53.2 The results of the side friction tests

Figs.3.2 (a-c) indicate the percentage load lost in friction
of the specimen, during one dimensional conscolidation in the
perspex and the duralumin consolidometers and in the triaxial
former with the rubber lining. A layer of silicone grease
(about 0.01 inch thick) was smeared over the inside surfaces
of thése consolidometers pricor to introcducing clay. The dashed
lines in Fig.3.2 refer to the percentage load lost in friction
immediately after applying a load increment. The full lines
refer to conditions two days after applying an increment. It
is evident that the side friction was a minimum in the triaxial

former which was lined with a rubber membrane.

i
3.%5.3 The equilibrium voids ratio (e) vs log (stress { Si ))

plot for one dimensional consgolidation

In Figs.3.3(a-c), the full lines give the observed relation-
ship between the equilibrium overall voids ratio (as measured
from the final moisture content and the measured heights of the
gsample and the logarithm of the axial siress as calculated from
the piston load. The dashed curves show the same relationship
but now the stress is as recorded by the load cell at the base
of the sample. The full lines have a slope A = 0.31, while
for the dashed lines A = 0.29. For both types of swelling
curve, their slopes k were approximately identical and equal to
0.045, The value of A = 0.29 may be compared to that of

0.256 - 0.26 obtained during isotropic consolidation in conven-
tional triaxial specimens {see section 3.4.5).
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3.3.4 The variation of consolidation with depth during 1-D

consolidation

*

(1) Consolidation during the first increment of stress

Fig.3.4 illustrates the vertical displacement Ay of lead
shot markers with respect to their vertical coordinate y as
measured from the impermeable boundary of the sample. ihe
three different gymbols in this diagram refer to three different
vertical columns or markers within the sample. It is evident
that the sample was deforming uwniformly, since the displacements
off all markers were linearly proportional to their initial verti-
cal coordinates, for this first stress increment of 3 psi.
During this increment of stress the clay,in the form of a slurry
at 157 per cent moisture content, was consolidated from a height
of 8.5 inches to about 5.7 inches; (The corresponding dimen-
sions in the radiograph become scaled up by a factor of 1.09.)3
The corresponding -cumulative vertical strain being approximately
33 per cent. In Fig.8.4 the topmost layer of lead shot markers
is about 0.7 inches below the free draining surface. Since
no markers were arranged along this surface, the consclidation
in the element of clay closest to it (which is about 0.7 inch
thick) can not be included in Fig.3.4. Similar lead shot
meagsurements carried out by Sirwan (1965) during one dimensional
consolidation of a slurry with an initial stress increment of
only 0.26 psi, indicated that the consolidation in layers closest
to the free draining surface is higher than the rest of the
sample for this first increment of stress. Ihe author has not
sufficient experimental results to confirm Sirwan's observations.

(ii) The consolidation during subsequent increment of stress

The subsequent stress increments were applied with a stress
increment ratio of one, up to a maximum stress of 102 psi.
Figs., 3.5 to 3.8 show the variation of consolidation in mm/cm
with the major principal effective stress (at the end of each
stress increment) for four horizontal elements A, D, E and H at
depths close to the free draining surface (element A), the mid-
height of specimen (elements D & E), and the impermeable boundary
(element H). It is observed in Figs.3.5 to 3.7 that the consoli-
dation of any horizontal element was uniform over its three
vertical columns up to the maximum consolidation stress of 100
psi. Also in PFig.3.8, the element A which was closest to the
free draining surface had the least consolidation. The greatest
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consolidation was observed on the element H which was closest to
the impermeable boundary. Elements D and E which were approxi-
mately at mid sectiocon nhad roughly the average Value of the con-
golidation of elements A and H. | A similar phenomenon was
observed by Sirwan (1965) during increments subsequent to the
first,

5.%3.5 The comparison of the average overall voids ratio from

boundary measurements with the overall average of the
leocal values computed from the lead shot measurement

The overall average volids ratio at the end of each increment
of stress was computed from the final moisture content, diameter
and change in height of the sample. Using the overall average
voids ratio thus computed at the end of the first increment of
stress subseguent local voids ratio were ciaiculated from the
displacements of the lead markers. When deoing this the specimen
wag divided intoc eighit horizontal sections A to H and the voids
ratioco of each element was calculated from its axial strain using
the expression

= - € i

e = e, 1Tcl) (1 + eo) 3.1 f%
where e was the voids ratio at a cumulative strain of Elperh
cent and e, was the initial voids ratio prior to the application
of any load. The average voids ratlio over the whole specimen
was then also computed from these local voids ratios. Fig.3.9
illustrates the variation of voids ratio from boundary measure-
ments with respect to those computed from the average of the
local voids ratio, for the range of stress 0-100 psi. The
excellent agreement between the two values indicates the power
of the lead shot technique for the measurement of strains and
voids ratio in clay specimens.

B3.3.6 The variation of voids ratio with respect to time

during a stress increment

The axlal strain within each element A-H at specific inter=
vals of time after the application of a stress increment was
computed from the displacement of the lead markers. The cor-
responding local voids ratio was determined from equation 3.1.
Using the Modified theory of consgolidation of Davis and Reymond
(1965), the local voids ratio change with time at different
depths in the specimen was calculated by the numerical method ﬁ
reported by Richart (1957) from his equation (43). The




experimental observations and the theoretical predictions are
compared in Figs.F.10 and 3.11. The local vo%ds ratio computed
from the displacements of ihe lead markers are‘in good agreement -
with the theoretical predictions for the top half of the sample.
However for elements far from the free draining surface

(% > 0.6, see Fig.3.10) the experimental cbservations deviate
from the theoretical predictions. These deviations may in

part be due to the effects of secondary consolidation occuring
simultaneously with the primary consolidation. Such a model
incorporating primary and secondary consolidation id described
by Brinch Hansen (1961).

B3.8.7 Fore pressure igochrones as determined from the local

voide ratio

The local effective stresses were cilculated from the local
volds ratio, using the logarithmic relationship between the !
voids ratio and the major principal effective stress shown in
Fig.3.3(a). The local pore pressures in the elements were then
determined from the applied total stress and the calculated loeal
effective stress. PFigs.3.12 (a-b) 1llustrate the pore pressure
isochrones determined in this way with the curves drawn through ﬁ
the mean of the experimental points. These isochrones are
gimilar in form to those observed by actual local pore pressure
measurements by Burland (1967) during one dimensional consoli-
dation in a largé consolidometer.

3.4 Isotropic consolidatlon and swelling using the lead shot

technigue for strain measurement

3.4.1 General

In the investigation discussed in this section, specimens of i
Kaolin initially prepared by one dimensional consolidation were |
subsequently further consolidated in the triaxial apparatus
under iscotropic stress conditions. The patterns of the axial i
and radial strain distributions during this isotropic consoli-
dation are studied in detail for both the 1.5 inch diameter
and the 4 inch diameter triaxial samples.

3.4.2 The effect of end restraint on the local strains during
isotropic consolidation of 1% inch diameter x 3 inch

high samples

Figs.3.13 (a-d) show the distribution, along the axis of a
1.5 diameter sample, of the local (a) axial, (b) radial, (c) ;
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volumetric and (d) shear, strains respectively that occur during
the application of three successive increments.of isotropic
atress; the sample was contained between conventional friction
type ends (see section 2.2). In Pigs.3.13 (a) and (b) it was
observed for each increment of stress that (i) the axial strain
was lowest at the top of the specimen and increased towards the
bottom and (ii) the radial strain was a maximum at the top and

a minimum at the base. These distributions of strains are as

to be expected if significant friction is present on the ends

of the sample. A large porous stone (type UNI 150 kv) of 1.5
inch diameter was used at the base of the specimen. The ef'fect
of friction due to the porous rough surface was to reduce the
lateral movement of the sample at the base and thereby decrease
the radial strain. Fig.3.13{(c) shows that the volumetric strain
was virtually uniform throughout the sample, This indicates
that ceonsclidation due to the isotropic stress increment is also
uniform throughout the sample despite the observed non uniformities
of axial and radial strain. From Fig.3.13(d) it can be seen
that the shear strain varies from -2 to +3 per cent within the
gpecimen, This may be due to the development of local anisotropy
within the sample and will be discussed further in section 3.4.5.
As can be seen in Figs.3.13 (a-d) most of the non uniformity in
the distribution of strain occurs during consolidation under the
first increment of isotropic stress. Figs.3.14 (a-d) and

3.15 (a-d) each refer to a similar series of tests to those
discussed for Figs.3.13 (a—d) but instead of frictional conven-
tional en&s the samples had lubricated conventional ends and
lubricated enlarged ends respectively. The strains throughout
the samples with these lubricated ends was far more uniform

than for those with frictional ends.

3.4.3 The distributions of vertical and horizontal displace-

ments of lead markers during isotropic consolidation

in a 4 inch diameter X 4 inch high sample

¥From section 3.3.2 it was concluded that the lubricated end
condition produces more uniform strains during isotropic consoli-
dation than the rough end condition. A detailed investigation
of the radial and axial displacements of the lead markers in two
perpendicular vertical planes passing through the axis of the
spécimen wag then carried out in a 4 inch diameter triaxial sample.
The objective was twofold in that (i) the radial strain



distribution cannot be studied in detail with the 1.5 inch
diameter sample and (ii) any effect of the increase in length
of drainage paths dque to the small porous stones which were
used with the lubricated ends should show up markedly in a
larger sample. The markers were arranged in the two perpen-
dicular planes as illustrated in #igs.3.16(a) and (b). The
vertical displacement patterns with respect to height within
the sample and the horizontal displacement patterns at different
radii within the sample, for the lead markers in both planes
are shown in Pigs.3.17(a-d). The remarkably linear variations
of the displacement patterns indicate that both the axial and
radial strains are uniform in both perpendicular planes and
therefore the assumption that € 2=€23,'in the calculation of
strains in triaxial specimens is justified.

3.4.4 The effect of anisotropy on the axial and radial strains

 during consolidation under isotropic stress

It has already been stated that all the specimens were
initially prepared under a one dimensional consolidation conditions.
Hence all specimens were subjected to an initial shearing process.
The subsequent application of increasing isotropic stress
gradually erases the effect of the initial one dimensional con-
solidation, This is best illustrated in Figs.3.14(d) and
3.15(d) where it is observed that during the application of the
first increment of isofropic gtress, a shear strain with a
maximum value of approximately-l per cent is observed. Subse-
quent increments of isotropic stresses do not produce any further
increase in the shear strain, indicating that the strains due |
to these increments of stress are isotropic. The data suggests
that specimens isotropically consolidated to approximately three
times the initial one dimensional stress can be assumed to have
lost their previous shear stress history effects. A gimilar
observation was also noted by Loudon (1967) using a different
techniqué for the strain measurements.

5.4.,5 The slopeg of the isotropic consolidation lines in the

e=logp plot for overall voids ratio as determined from

the average local voids ratio

The average volumetric strain in the sample during an
increment of isotropic stress was determined from the lcocal
measurements of strains. The average overall voids ratio at

the end of each increment was obtained from the final overall
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average voids ratio of the sample(obtained from the final
moisture content determination) and the average’ volumetric

strains computed from the lead shot measurements. Figs.3.18(a-c)
illustrate the variation of these voids ratio with log p for tests
carried out with the three types of end conditions. These
relationships are linear imtthe (e-logp) plot with A varying

in the Pange 0.25 to 0,26,

3.4.,6 The distributions of vertical and horizontal displace-—

mentg of the lead markers during isotropic swelling

Figs.3.19{a-b) and 3.20(a~b) illustrate the vertical and
horizontal displacements of the lead markers in two orthogonal
planes in the sample during isotropic swelling. (These planes
were as shown in Figs.3.16(a) and (b).) The displacements are
seen to be linear in the two directions in hoth planes. How-
ever the slopes of the lines cprrésponding to the horizontal
displacements at the bottom end of the sample are considerably
less than for the other lines, This indicates that the radial
strains at the bottom end of the sample were lower than in the
regt of the sample. This reduction in strain was in part due
to errors in measurement as the markers were placed exiremely
cloge to the cell pedestal and the scattered radiation from this
pedestal tended to blurr the images of the markers in the radio-
graph, thereby reducing the contrast and definition of these

images.

3.4.,7 The effect of anisotropy during swelling under isotropic

stress.

The average axial and radial strains as determined from the
mean slopes of the lines in Figs.3.19(a) and (b) and 3.20(a) and
(b) during swelling under isotropic stress are -2.66 and -1.34
per cent respectively. These results indicate that the strains
were anisotropic during swelling under isotropic stress conditions.
A similar phenomenon was also observed by Burland (1967) (see
his Fig.2.3.1) during isotropic swelling using a different tech-
nique for the measurement of strains.

3.0 The disgplacement patterns and strain distributions in

cylindrical specimens during shear

3.b.1 General

The nonuniform deformation of soil specimens during shear
has been considered by most research workers to be the largest
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gource of error in the experimental study of the stress-strain
relationships of soils. Theoretical investigations of the
distributions of stresses and strains in cylin&rical specimens
under compression and in extensions have been carried out by
Filon (1902), Pickett (1944), D'Appolonia and Newmark (1951),
Balla (1960) and other research workers. The theoretical
methods developed by all these workers are only applicable

for elastic medisa, The deformation of clay specimens are
mainly plastic and hence these methods have only limited
application in s0ll mechanics problems. Begides the theoreti-
cal studies carried out by the above authors, experimental
evidence confirming the nonuniformity of deformation in trilaxial
specimens were cited by a number of -authors; notably, Geuze

and Tan (1950), Rowe and Barden (1964).who worked with saturated
clay samples and Shockley and Ahlvin (1960) who worked with sand
samples. The method adopted by these workers and others was

to determine the moisture content offoportions of clay and
frozen sand cut from the test specimens. This procedure takes
time and the moisture content can only he determined at the end
of the test. In contrast to this procedure, Roscoe, Schoefield
and Thurairajah (1963b) described a method of measuring the
local variation of strains throughout a2 trisxial sample both

in compression and in extension. The same method was used by
Sirwan (1965) to study the local variation of voeoids ratio as
well as of the strains, In this method a number of horizontal
lines had been painted on the membrane of the triasxial sample.
The height and diameter of each element was measured by means

of a theodolite and the corresponding axial snd radial strains
were determined. While this method was faer from precise, it
gave an overall idea of the local strains and voids ratio in

the triaxial specimens. Accurate measurements of the strains
were limited by the assumptions, namely (i) each element de-
formed uniformly within itself (ii) the reference lines defining
the boundaries of the element was circular in horizontal planes
throughout the testing, {iii) no soil passed from one element to
another, during the deformation of the soil and (1v) the volume
of an element was determined by assuming that it wad a truncated
cone. In addition to the above method, Sirwan (1965) also
studied the local variations of strains esnd voids ratio of
triaxial specimens using (i) the lead shot technique and (ii)
the X-ray absorption method with film density measurements.

Most of the experimental work mentioned above was carried
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out on sand samples. Very little preogress has been made in the
study of local strains in clay specimens. In ‘the present
section the author carried out a detailed investigation,
predominantly using the X-ray lead shot technique, of the dis-
tributions of strains in normally and over consolidated clay
specimens both in compression and in extension. This type of
study can hot only give a better understanding of the behaviour
of clay under all combinations of applied stresses but also
helps to establish practical limits for the reliabllity of
conventional trilaxisl test results.

5.0,2 The effect of end restraint on the strains of 1.5 inch
diameter triaxial samples during shear in compression

tests
(i) General

The three types of end conditions used in the triaxial
specimens during shear were described in section 2.2. The
local strain distributions were determined both during a fully
drained shear test and during an undrained shear test. The
procedure of testing adopted in any particular type of test
was the same for tests on specimens with all the three types
of end conditions. The details of the tests are summarised in
Table 2.3. The observations were only used to evaluate the
effects of end restraint on the distribution of the strains
and to select the best type of end condition for conventional
tests. The results are also useful in evaluating the large
bulk of test data already available with the conventional
friction end tests on triaxial specimens of Kaolin.

(ii) The fully drained test results

Figs.3.21(a) and (b) illustrate the axial and radial strain
distributions in a fully drained test on a specimen contained
between conventional frictional type ends. In these figures
each line corresponds to the equilibrium strain distribution
in the specimen at the end of each stress increment. The
results indicate that both the axial and radial strains
are smallest at the two ends of the specimen, Also, for each
increment of étress, the maximum strain was observed approximately
at one third of the height from the base. The axial strain
distribution up to an average value of 4 per cent was reasonably
uniform; these strains correspond to a stress ratio of 0.4.
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The radial strains were everywhere small in this range of stress
ratio. Beyond a stress ratio of 0.4 the axial and radial strains
became nonuniform. This development of nonuniformity caused a
localised region near the base to bulge. Figs.3.22(a) and (b)
refer to a similar test to that discussed for Figs.3.21(a) and
(p), but instead of conventional frictional ends the gsample had
the conventional lubricated ends. There is a marked improve-
ment in the uniformity of the distributions of the axial and the
radial strains in the sample with the lubricated end condition.
The strains were reasonably uniform up to 9 per cent overall
axial strain. This strain corresponded to a stress ratio of

0.59 which was approximately % th the peak stress ratio. More-
over even at the peak stress ratio, the distribution of strains
in the sample with the lubricated ends[was far more uniform than
the sample contained between the frictional ends. Figs.3.23(a)
and (b) illustrate the corresponding distribution of strains
during a fully drained test in a specimen contained between the
enlarged lubricated ends, With this end condition the strains
were again reasonably uniform up to 12 per cent overall axial
strain which corresponded to a stress ratio of 0.55. Beyond
this level of stress, the strains in the specimen contained
between the enlarged lubricated ends were less uniform than those
in the specimen between the conventional lubricated ends. In
this particular test with the enlarged ends, the author used a
lubricated rubber membrane in between the specimen and the en-
larged end plattens. These rubber discs had a tendency to
expand more than the ends of the soil specimen, thereby imposing
a lateral thrust on the sample. For the subsequent experiments
discussed in this dissertation, the author did not use any rubber
discs in between the specimen and the iubricated end plattens.

(iii) The results of undrained tests

Figs.3.24(a) and (b) show the distributions of axial and
radial sirains in a specimen of Kaolin contained between conven-
tional frictional ends and subjected to an undrained test. The
behaviour of the specimen was similar to that observed during the
drained test with the same end condition (see Figs.3.21(a) and (b)).
The local axial and radial strains were larger in a region
approximately at one third the height from the'base, than within
the rest of the sample. Figs.3.25(a) and (b) illustrate the
distribution of strains in a sample contained between the
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enlarged lubricated ends, during an undrained test. The strains
were far more uniform in this specimen than the corresponding
specimen contained within the frictional ends.

The internal strain patterns discussed above illustrate
that with the use of the lubricated ends the strains within
triaxial specimens are substantially uniform up to about % th
of the peak stresses. Beyond this value of the stresses, the
deformation is large for small increments of stress and the
strains begin to develop nonuniformity. In the above analysis
all the radiographs were measured on the Orthogonal displacement
meter where the accuracy of the measurements was limited (section
2.12). The accuracy of the measurement iglimproved about three-
Told on CLARA and on Jameslmeasuring machine. A detailed
investigation of the internal strains and displacements in
normally and overconsolidated clay specimens will be discussed
in the next section. In these tests the radiographs were
measured either on CLARA or on James' machine.

3.0.3 Compression tests on 1.5 inch diameter x 3 inch high

gspecimens of normally consolidated Kaolin with different

applied strese paths.

(a) General

In the present section  a detailed study of the displace-
ment patterns and strain distributiéns inside a 1.5 inch diameter
normally consolidated specimen of Kaolin is carried out when the
sample was sheared under two different applied stress paths of
slope %% of 3 and 1.5 respedtively.

The strains were computed employing (i) Sirwan's method and
(ii) the author's method (see section 2.11). The arrangement
of lead markers are given in Figs.2.12 and 2.13.

(b) The displacement patterns and strain patterns in specimens
da_ dag _
AB (dp‘ 3) and AX (dp = 1.5).

Figs.3.26(a), (b) and (c¢) illustrate the incremental vertieal
ftisplacements of 3 columns of markers in one axial plane within
the sample AB (normally consolidated to 60 psi and then sheared
with applied stress path of slope 3) with respect to the height
of the sample, for stress increments applied at stress ratios of
0.28, 0.43 and 0,62 respectively. In these figures the vertical
displacements of the markers were found to vary linearly with the
height of the markers above the base, indicating that the axial
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strain was uniform throughout the sample for all three increments.
The data presented in Pigs.3.27(a),(b) and (c) includes that
given in Fig.3.26 for one plane of the sample and also shows the
corregsponding strains as recorded from radiographs taken on the
mutually perpendicular vertical plane. Both displacement patterns
are almost identical indicating that the axial strains in both
planes were the same. Figs.3.28(a>c) and 3.29(a-c) illustrate
a2 similar phenomenon for the sample AX which was normally consoli-
dated to 60 psi and then sheared with an applied stress path of
slope 1.5

(c) The comparison of the strains computed from (i) Sirwan's

method and (ii) the Author's method for three increments

of stregsesgs in the sample AB.

In Sirwan's method of computation of strains it was assumed
that the principal axes of strain coincide with the vertical and
the horizontal axes of the specimen. Hence he calculated 4563
and &, which he assumed were the local axial and radial strains
reapectively. This assumption would only be true if the torsional
strain deXy in any element of the soil was zero. In the
Author's method of computation of strains, using triangular
elements (described in section 2.11.5 as method 2), it was
possiblé to calculate the magnitudes and directions of the

ineremental principal strains @SEfl and A€ corresponding to

)
each increment of stress. Fig.3.30 shows %he lead shot markers
that were used in calculating the local strains by both methods.
(They correspond to the markers in Plane 2 as shown in Fig.2.12(b).)
In Sirwan's method the local vertical axial strain was calculated

directly from the relative displacements of two neighbouring
merkars, one being directly above the other. Similarly radial
strains were obtained from two neighbouring shot which were assumed
to be in the same horizontal plane. With the Author's method
the triangles used are numbered (i)-(x) as shown in Pig.3.30.

Tn Fig.3.31(a) the local axial incremental strains obtained

from Sirwan's method (<3€?y) and from the Author's method (43631)
are compared in the left hand diagram for all the o0dd numbered
triangleg and in the right hand diagram for all the even
numbered triangles in FPig.3.30. These local incremental strains
were all for an increment of stress ratio <% = 0,08 from a
stress ratio at the start of the increment of ’L = 0.28,

The corresponding comparison for local radial strains (4AEX for
Sirwan andz&Ez for the Author) is given in Pig.3.31(b) for the
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same increment of stress ratio. Similar comparisons, to those
shown in Fig.3.31, are given for a later stage in test AB in
Fig.5.82 for N = 0.44 and <% = 0.07, while Fig.3.35 refers

" to YL = 0.62 and 4N = 0.06 in the same test.

In Figs.53.31, 3.52 and 3.33, the lines are equally inclined
to the abscissa and ordinate axes of each diagran. If the
experimental points all lie on these lines then it follows that
the local principal axes of strain are vertical and horizontal
throughout the sample. This can be seen to be the case in
Figs.3.531 and 3.32 but there are very slight deviations at the
high stress ratio ae shown'in Fig.3.33., If the sample had
gtrained uniformly throughout, then all the points on each
diagram would have been superposed. It can be seen that this
does not appear to be the case for any'of the increnments. The
detailed distribution of the local axial strain, at the three
stages of test AB discussed above, are shown in PFig.3.34 while
Fig.3.35 gives the corresponding data for the radial strains.
From these two figures it is evident that the strains are
moderately uniform throughout the first two increments of stress
ratio but not for the third. This would appear to contradict
the conclueion in section 3.5.%(b) from Fig.3.27(c) that the
vertical displacement of any shot was approximately linearly
related to its height above the base. This matter will be
discussed later in the light of the data from tests on 4 inch
diameter samples.

(d) Comparison of the overall strains from the average of local

measurements and from the boundary measurements.

In this section the results of three tegsts, AX, AB and AQ
are presented. They correspcend to tests started from an initial
isotropic stress of 60 psi and sheared along stress paths of slope
1.5, 3 and @0 respectively. The overall axial and radial strains
were obtained from the average of local neasurements in both
plane 1 and plane 2 (see Fig.2.12) for each increment of stress
ratio in these tests. From these strains the overall volumetric
strain was computed at each stage of the test. The overall
axial and volumetric stralins were also computed from the measured
changes in height and volume of the sample. The measurements
will be referred to as the boundary measurements,

In Figs.3.36{a-Bto 3.38(a-b) the lines are equally inclined
to the coordinate axes of the diagrams. Since the experimental
points all lie on thesge lines it is evident that the strains
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computed from the boundary measurements are in agreement with
the overall strains obtained by averaging the Jocal measurements.
The points in each figure correspond to the strains at the end
of each increment in a continuous test. The excellent agree-
ment between the overall volumetric strains as obtained from
burette readings and as calculated from the lead shot displace-
ments indicates that there was no leakage through the membrane:
the cell fluid was silicone oil.

AeDed The displacement and strain patterns in a 4 inch diameter

gsample of nermally conscolidated Kaolin during a fully

drained test (OB) at a constant cell pressure of 30 psi.

The lead shot markers were arranged within the sample in
two mutually perpendicular vertical planes 1 and 2 as illustrated
in Fig.3.16(a) and (b). In this case however plane 1 contained
6 columns (1-6) and 10 rows (A-J) of lead shot and in plane 2
there were 6 columns (1-6) and 8 rows (A-H). _

Figs.3.39(a) illustrates the vertical displacements of the
markers in plane 1 plotted against the height of the markers
above the base, caused by an increment of stress ratio L&Q'= 0.0b
from an initial stress ratio q’= 0.5. It can be seen that for
any one column of markers the vertical displacements are approxi-
mately linear with heights of the markers indicating that the
vertical strains are uniform throughout that columnn. Since
the lines are approximately parallel the vertical strains in
all columns are identical. hence the vertical strain is approxi-
mately uniform throughout the sample.

Fig.3.39(b) gives the corresponding information for the
horizontal displacements (when N = 0.5 and an = 0.05) plotted
against the positions of the markers along the sample diameter.
The observed data now only lies very approximately on straight
lines and these are approximately parallel except for the rows
A and J which were only 0,1 inch from the end platens. (When
inspecting Fig.3.39(b) it must be noted that the observed dis-
placements correspond to local horizontal strains of magnitude
0.3 per cent approximately. It will be shown later that 27
per cent of these very small local strains have errors exceeding
+ 0.2 per cent and 4 per cent exceeding + 0.4 per cent.) Figs.
3.40(a) and (b) give the corresponding data for plane 2, and from
inspection of Figs.3.39 and 3.40 it may be deduced that the
strains are below average in the regions close to the ends of

" the specimen, especially near the bottom.
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The above incremental displacement patterns were typical
of those obtained for each increment of stress’‘ratio prior to
the attainment of its peak value at which O.652>q;> 0.00.

An attempt was made to determine the distribution of incremental
displacements and strains during failure as defined by the
maximum stress ratio Q‘. When q,was 0.55 the sample was stable
and radiographs of planes 1 and 2 were taken. An increment
43i1,= 0.10 was then applied and the ram of the triaxial cell
began to move slowly downwards with a small acceleration.

At intervals during this process the ram was temporarily locked
in position for about 15 minutes while radiographs were taken

of planes 1 and 2. Fig.3.41(a) and (b) show typical distribution
of local incremental displacements thap occurred in an intefval
between successive radiographs in plané 1. The patterns for
plane 2 were similar to those for plane 1 and for all tests
discussed from hereon in this thesils data will only be presented
for plane 1. These patterns clearly indicate that the strains
were not uniform.

The strain distributions corresponding to the displacement
patterns given in Fig.3.59 Cor q{: 0.5 and Fig.3.41 for failure
are shown for plane 1 in Figs.3.42(a) and (b) and in Figs.3.43
(a) and (b) respectively. In the (a) diagrams the values of
the local vertical strains are plotted between the relevant
pair of markers, while the (b) diagrams give in the same way
the local horizontal sitrains. There is considerable variation
of both strains throughout the sample, with significantly greater
variation for the failure case., These variations appear to be
random and this is confirmed by the histograms plotted in
Figs.3.44(i)-(ix). In these histograms the number of meshes
of the lead shot network having a particular value of the local
axial strain are plotted against this strain in all the (a)
diagrams. The (b) diagrams refer to horizontal strains.
Figs.3.44(i)-(ix) refer to each successive increment during
test OB and the particular increment corresponding to PL = 0.0
and &Y = 0.05 is shown in Fig.3.44(vi) while the failure
increment discussed above i1s given in Pig.3.44(vii). All
these histograms approximate to normal distribution curves as
used in statisticg. It is only when the histogram is a true
normal distribution curve that the conventional procedure of
using overall average strains, when developing stress-strain
relationships, is warranted. Some of the scatter in theése
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histograms will be due to errors in the technigue of measuring
the displacements of the lead markers, To asgsess the magni-
tude of these errors a given radiograph was measured twice by
the Author under, as near as possible, identical conditions.

The results are shown in Figs.3.45(a) and (b) for the axial and
radial strains respectively. The scatter in these readings is
of the order of one third of that shown in the histograms in
Pig.3.44. Conseguently these histograms do really represent
the type of variation of strain throughout the triaxial samples.,

5.0.5 The deformation of a lightly overconstlidated specimen

(1,5 inch diameter) of Kaolin in a drained test

In this section the local deformation characteristics of a
lightly overconsolidated specimen (1.5-.inch diameter and 3 inch
high) is described. The specimen was subjected to a maximum
consgsolidation pressure of 145 psi, subseguently swollen to an
isotropic stress of 90 psi and then sheared by imposing a stress
path of glope 3.

The incremental vertical displacement patterns of the
markers inside the sample in plane 1 for three stress increments
are shown in Figs.3.46(a-c). The incremental dieplacement
patterns were found to be linear for the three stress increments
applied at stress ratios of 0, 0.23 and 0.52 respectively.
During the first increment the strains were extremely small and
the scatter from a stralght line will be due to errors in
measuring these small strains.

The incremental axial and radial strain distributionsklong
the sample height for the three increments of stress are illus-
trated in Figs.3.47 and 3.48 respectively. The results indicate
that the stralns were approximately uniform over the centre two
thirds of the sample, and the strains close to the ends of the
sample were found to be of lower magnitude than in the middle
two thirds. These differences in strains increased with the
strege ratio. '

5.5.6 The deformation of a 1.5 inch diameter heavily over-
consolidated specimen during a drained compression
test BZ.

In this section the internal displacements and the strain
patterns in a heavily overconsolidated specimen are presented.
The sample was subjected to a maximum isotropic preconsolidation
pressure of 90 psi, subsequently isotropically swollen to 8.2 psi,



and then sheared by imposing a stress path of slope 3.

Figs.3.49(i-v) illustrate the incremental yvertical displace-
ments of the markers in plane 1 for five increments of stress
applied at stress ratios of 0, 0.6, 0.8, 1.0 and 1.1. The
incremental displacement was found to vary linearly with the
height of the sample.

Figs.3.50(i)-(v) show the incremental axial strain distri-
bution inside the specimen, for the displacement patterns pro-
vided in Pig.3.49(i-v). The strains were found to be approximately
uniform up to a stress ratio of 1, and the sample failed when the
stress ratio was just greater than 1.1. The corresponding incre-
mental radial strain distributions are illustrated in Fig.3.51
(i-v).

At high stress ratios the radial strains at the ends of the
sample were considerably smaller than those corresponding to the
central two thirds of the specimen which themselves were moderately
uniform.

B3+.5.7 The deformation of a 4 inch diasmeter heavily over-

congolidated specimen in drained test 0C.

The deformation characteristic of a 4 inch diameter heavily
overconsolidated specimen will now be discussed. The sample was
subjected to a maximum isotropic consolidation pressure of 60 psi,
and swollen back to an isctropic stress of 5 psi. Subsequently
the specimen was sheared along an applied stress path of slope 3.
The incremental axial and radial displacements of the markers
are plotted against the height and diameter of the sample in
Figs.3.52(a) and (b) respectively. Both the axial and radial
displacements were found to vary linearly with the height and
diameter of the sample. The slopes of the lines correspoending
to the radial displacement patterns were found to be lower
towards the bottom of the sample.

The actual local incremental axial and radial strains as
computed from the displacements of the markers are presented in
Figs.3.53(a) and (b) respectively and 3.54(a) and (b) respectively
for two stress increments. In view of the apparent random
variation of the strains the results are also presented in the
form of histograms in Figs.3.55 and 3.56. The histograms cdn
Fig.3.55 which refer to ‘1 = 0 and An = 0.63 can be approximated
to normal distribution curves, but this is hardly possible for
the histograms of Fig.3.56 for which W{: 0.63 and zsq’= 0.21.
This latter picture may imply that local failure surfaces are

N
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developing across the sample.

3.0,8  The distribution of strains in a 1.5 inch diameter

normally consolidated specimen sheared along a constant

pr path in extension.

The internal displacements and strain patterns in a 1.5 inch
diameter specimen sheared in extension will now be considered.
The specimen was subjected to a maximum isotropic consolidation
pressure of 60 psi and subsequently sheared along a constant p
stress path. The incremental vertical displacements of the
markers at 4 stages of test BE are shown in Figs.3.57(i)-(iv).
The displacement patterns were linear for the first two incre-
ments of stress applied at stress ratios of O and 0,42 respec-
tively. Beyond this stress level, the displacement pattern is
nonlinear, indicating that the strain was nonuniform. The
maximum displacement rate with respect to the height occurs in
the centre of the sample. This is well illustrated in Fig.
3.57(iii) where fl = 0.5 and is most marked in Fig.3.57(iv)
where hL= 0.68. The sample failed in the next increment but
it can be seen in Fig.B3.57(iv) that all the strain in that
increment occurred in the middle third of the sample and none
at its ends.

The corresponding incremental axial strain distributions
are provided in Figs.3.58(1)-(iv). The strains were approxi-
mately uniform for the first two increments of stress.

Marked nonuniformity wasg cbserved in the strains for the
third increment of stress and in the fourth there was gross
nonuniformity. The radial strailn distributions in Rigs.
3.59(i)-{iv) reveal similar phenomena to those observed for

- the axial strains.

In contrast to their behaviour in compression tests,
specimens in extension tests are more liable to develop local
regions of high deformation. Fig.3.60(1i)-(v) shows photographs
of radiographs taken during the compression test BZ at five
gtages of strain of the heavily overconsolidated sample discussed
in section 3.5.6. Fig.3.60(v) corresponds to conditions after
a failure plane has developed well after the attainment of the
peak stress ratio. Fig.3.61(i)-(v) represent corresponding
radiographs during the extension test BE. Figs.3.61(i)-(iv)
correspond to similar stages of strain to those plotted in
Figs.B3.58(1i)~(iv) and 3.59(i)-(iv). The onset of the development
of the neck is clearly seen in Fig.3.61(iv) and its full
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development in Fig.3.61(v). Between these two radiographs
all deformation was occurring in this neck regioen. Close
inspection of Figs.3.61(iii)-~(v) shows the development of thin
cracks just before and after the peak stress ratio condition

was attained.

3.5.,9 The deformation of a 4 inch diameter specimen sheared

along a constant p path in extension test OR.

The displacement and strain patterns in a 4 inch diameter
sample are presented in this section. The specimen was sub-
jected to a maximum isotropic consolidation pressure of 30 psi
and subsequently sheared in extension along a constant p path.
Tn this sample there were 8 columns {1-8) and eleven rows (A-X)
of lecad shot markers. The incremental. vertical displacement
patterns of the markers are plotted in Fig.3.62(a) for an incre-
ment of stress ratio Akq,z 0.15 applied at a stress ratio of
q_z 0.31. It can be seen that the vertical displacements
vary linearly with the height of the sample., The slopes of
thege lines are nearly the same suggesting that the axial
strain was uniform throughout the sample. The horizontal
displacement of the markers are plotted against the diameter
of the sample in FPig.3.62(b). At any horizontal section in
the sample the horizontal displacement of the markers are
linearly related to the positions of the markers along the
diameter of the sample. These lines are also parallel suggesting
that the radial strain was uniform throughout the sample.

The incremental axial and radial strain distributions as com-
puted from the displacement of the markers are given in Figs.
2.,6% and 3.64 for two increments of stress applied at stress
ratios of 0.31 and 0.45 respectively. There was congiderable
variation in the magnitudes of the local strains as shown in

the histograms in Figs.3.65(i)-(v). These histograms of stirain
distributions can be approximately represented by normal distri-

bution curves.

2.6 The deformation characteristics during failure in compression

and in extension.

3.,6.1 The formation of rigid end zones in the normally

consolidated specimen OB failing in compression.,

The formation of rigid end zones during destructive tests
in materials with low cohesion has been reported by several



authors. These zones develop due to the end conditionsg and
the lack of continuity and isotropy of the material tested.
Zelenin and Lomize (1961) introduced coloured layers of soils
in clay specimens and demonstrated the formation of suech rigid
end zones in their sample during deformation. By extending the
theorem of Bishop, Gree and Hill (1956) which states that "any
region shown to be necessarily rigid for a particular stress
field must be rigid in all complete solutions", Haythornthwaite
(1960) isolated conical regions at the ends of the specimens

as being rigid. He reported that this conical region subtends
a semivertical angle of (45—%?) with the axis of the specimen.
Por a value of ¢ of 20°, this angle will be 35°. The tests
carried out by the Author on Kaolin had maximum stress ratios
corresponding to 20° approximately. §

In Fig.3.66 the mesh of continugﬁg\lines wag made by con-
necting images of the lead shot markers on a radiograph taken
at a given instant during the early stages of progressive
failure of the sample. The dotted lineg were obtained from
the positions of the same markers in a subsequent radiograph

which was taken after appreciable progressive failure had occurred.

In Fig.3.66 the shape of a mesh in the second radiograph is
superposed on its shape in the first in such a way that the
mesh has not rotated and the geometric centres of both shapes
coincide. Consequently while the full lines in Fig.3.66
represent the initial shapes of the meshes, the dotted lines
represent the shapes of the meshes after deformation. If the
gaps between neighbouring dotted iines is of uniform width
round every mesh then the gample will have strained uniformly
throughout. Where t%ﬁ;gap is widest the greatest deformation
will have occurred and,the dotted lines coincide with the full
lines then no deformation will have taken place at this point.
In Fig.%.66 when dotted lines do not appear they have coincided
with the full lines. It can be seen that no deformations have
occurred in the conical zones at the ends of the sample. The
zones are therefore rigid, the mesh size of the lead shot net-
work should have been reduced to specify them accurately.

The conical zones are much smaller than those predicted by
Haytnhornthwaite since their semi vertical angle is 69° compared
to his predicted value of 359, It is interesting to note that
the angle « in Fig.3.66 is 210 which is very close to the wvalue
¢ = 20° for the Kaolin,
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In Fig.3.67(a) the axial displacements and the heights of the
markers above the sample base are plotted for the & vertical columns
of markers for a strain increment just before rupture planes were
seen visually to develop during test OB, The bottom of the
sample is to the left of this diagram so that in effect the
sample 1s on its side. The axial-:gtrains, which are proportional
to the slopes of the dotted lines (with respect to the base of
the diagram), can be seen to be the largest in the outer ring
of a horizontal layer in the sample repregented by the shaded
region in this diagram.- In Fig.3.67(b) the corresponding in-
formation is given for the radial displacements of the markers
in the horizontal rows A4, ..... HH, with respect to the position
of the markers along the diameter. The slope of the dotted curve
is.a measureﬁazkthe radial strain at that point. It can be seen
that ~

central cylindrical core shown shaded in Fig.3.67(b).

of the radial strain is occurring in the

3.6.2 The "mesh'" displacement pattern in a specimen during

failure in extension

Fig,ﬁ{é; illustrates the displacement pattern inside specimen
OE while failing in extension and may be compared with the corres-
ponding pattern in Fig.3.66 for a specimen failing in compression.
It 1is evident that for specimens failing in extension, there are
no rigid zones forming at the ends of the specimen as developed
in the compression sampls. The theoretical analysis of Haythorn-
thwaite indicates rigid zones at the ends of the specimen even in
extension. These rigid zones were reported by him to subtend an
angle of (45 —<B%)° with the base of the sample.

3,7 The X and Gamma absorption technigues for the study of the

local voids ratio changes in triaxial specimens of Kaolin

B3.7Tel The Gamma ray technique

A gpecimen of Kaolin was isotropically consolidated to 30
psi in the triaxial apparatus. At the end of isotropic consoli-
dation, a number of readings were taken at different levels along
the axes of the sample by transmitting radiation from a low energy
Gamma ray source, The average of these counts over a time inter-
val of 400 seconds was found to be 26000. The specimen of Kaolin
was lisotroplcally consolidated to 60 psi, This change in siress
caused a compressive volumetric strain of 7 p.c. A second serics
of readings were then taken and the average count was found to be

25700, for the same interval of time, This difference is approxi-
mately the same magnitude as the standard deviation (322)
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corresponding to 26000. Hence it is apparent, that in order to
improve the sensitivity of measurements the counting period
should be increased considerably and this would not be practicable.
Alternate techniques should therefore be developed to increase the
sensitivity of the method for the measurement of local voids ratio
in triaxial specimens of Kaolin,

3.7.2 The X-ray absecrption fechnigque applied to trisxial samples
of clay

In addition to the limitation stated in section 3.7.1, the
X=-ray absorption technique is further restricted by the effect of

scattered radiation. Artempts were made to eliminate the effect

of scattered radiation by the use of a parallel plate collimator

(Sirwan (1965)) and by the use of a Bucky grid Hondius Boldingh

(1964). A detailed investigation was carried out and indicated

that /

(i) the film density variation along the film height was about
12 p.c. and across the film was 56p.c. without the use of a
parallel plate collimator on the grid.

{(ii) the use of the parallel plate collimator reduced the variation
in film density to about 7.7 p.c. in both directions on the
film,

(iii) The use of the Bucky grid reduced the variation in film den-
sity to 1.33% p.¢c. across the film. However the variation
in film density along the film height was found to be 16 p.c.

The high variation in the film density along the height, when the
Bucky grid was ucsed, was entirely due to the variation in thick=-
nesses of the lead lamellae in the grid.

Because of the high variation in film density observed,
further investigation of the use of grids is required. A brief
note on the study of the eflects and elimination of scattered
radiation is given in Appendix 1.

5.8 A preliminary study on the orientation of clay particles

in specimens of Kaolin under 1-D consolidation, isotropic

consclidation and shear

The experimental observations provided in this dissertation
indicate that the deformation behaviour of specimens of Kaolin
is anisotropic. This anisotropic deformation is considered to
be a regult of the preferred orientation of the flake shaped
Kaolin particles. Quantitative methods to describe the degree

of anisotropy from the orientation of the clay particles are now
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being devéloped in Cambridge by Tovey (1969). The experimental
observations provided in this section were carried out with =
view to using these methods in the study of thé strese-~strain
behaviour of Kaolin. At the moment the interpretation of the
results is only gualitative. The methods of gample preparation
for scanning electron microscope are outlined in section 2.

5.8.1 The random orientation of clay particles in the slurry

The micrographs in Fig.6.39 are of specimens as prepared
from the slurry taken from the pugmill. The micrographs (a)
and (b) are a stereo palr and indicate that the orientations of
the clay particles are completely random.

5.8.2 The effect of 1-D consocolidation on the orientation of
clay particles

¥ig.3.70 contains the micrographs taken of specimens of
Kaolin at the end of 1-D consgolidation. These micrographs indi-
cate that the Kaolin particles are orientated into groups in the
form of packets. The . orientation of the packets of particles
are random. The micrographs are again mounted in stereo pairs.

3.8.3 The effect of isotropic consclidation on the orientation
of clay particles '

I1llustrated in Fig.3.71 are the micrographs taken at the end
of isotropic consolidation. These micrographs also indicate that
the particles are orientated parallel to one another in groups.
These groups are arranged at random. Visual observation of the
micrographs suggests a preferred orientation although this is not
as intense as in 1-D consolidation., The results, though prelimi-
nary, indicate that additional isotropic consolidation does not
have appreciable effect in altering the orientation of c¢lay par-
ticles. Onece the structure corresponding to the packets of clay
particles is formed, at the end of 1-D consolidation, it will

remain so during the subseguent isotropic consolidation.

3.8.4 The failure plane and the failure zZone as observed in

the scanning microscope

The micrographs in Fig.3.72(a) and (b) illustrate a typical
failure plane. The sheared sample was oven dried and split
open on the failure plane. Visual observations on these micro-
praphgs indicate a high degree of oriesntation to give face on
particles with their planes lying in the direction of the sheared

zone.
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The sheared zone was further investigated and it was found
that along a thin layer of the sheared zone th& particles are
nighly orientated in a parallel direction. The regions cloger
to this thin zone and on either side of it include regions with
random groups of particles. The thin sheared zone where the
maximum degree of parallel orientation is observed is z2bout
20 M wide. The micrographs indicating the sheared zZone are
illustrated in Rig.3.73.



CHAPTER 4

THE EFFECTS OF SAMPLE PREPARATION AND

TESTING METHODS ON THE STRESS-~-STRAIN BEHAVIOQUR AND

THE (EE, %% ) RELATIONSHIP FOR NORMALLY CONSOLIDATED KAOLIN,
e

4,1 General Introduction

The successful development of a theory for the adequate
description of the stress-strain relationships of clays requires
a detailed experimental investigation of the material behaviour.
Almost all the experimental observations presented in this
dissertation are based on stress controlled triaxial (axi-
symmetric) tests performed on specimens of Kaolin prepared from
a slurry of 160 per cent moisture content. Often the sample
preparation, and the method of testing, influence the stress-
strain behaviour. A knowledge of the magnitude of these effects
is needed to establish approximate limits for the variability of
the test results. The major factors that influence the stress-
strain behaviour during shear are (i) the initial moisture content
of the slurry from which the specimen is prepared and (ii) the
initial one dimensional consolidation stress applied during the
sample preparation.

Experiments performed by Olson (1962) indicate that the voids
ratio of a specimen at the end of isotropic consolidation varies
according to the initial moisture contentmpf the slurry. Two
methods were adopted by Olson for the sSams preparation.

Method I. Clay at a moisture content of 60 to 65 per cent
was hand packed into a 1.5 inch diameter plastic tube fitted with
a piston. As more and more soll was sdded, the piston was drawn
down into the tube, until a specimen of 3 inches length was
obtained. This sample was then extruded and set up in the
triaxial cell. These specimens were referred to by him as the
remoulded samples.

Method 1TI. A dilute suspension of the clay at a water
content of 1000 per cent (Liquid Limit 85 per cent) was trans-
ferred to a 20 inch long plastic tube of 1.5 inch internal
diameter. The base of the tube was fitted with a porous stone
and drainage fittings. After a period of several weeks the
clay was consolidated under a uniaxial stress of 7 psi. At the
end of the primary consolidation, the samples were extruded and
gset up in the triaxial cell. These specimens were referred to



by him as sedimented samples.

Olson found that the remoulded samples had a lower equili-
brium volids ratic than the sedimented samples for a given con-
solidation pressure. Also the stress-strain behaviour of the
two samples were different. He attributed these variatiéns to
the differences in soil structure of the two types of speclmens.

Henkel and Sowa (1963) compared the results of triaxial
tests performed on speclimens - prepared under one dimensional
and subsequent isotropic consolidation with samples prepared
under KO congolidation conditions, The stress paths followed
by these specimens during‘an undrained test were observed to
be diffefent. It shoulq be emphasised that these authors
carried out experiments dp materials other than Kaolin and the
testing methods employed ﬁere quite diffferent to those adopted
by the present writer, Though their observations are helpful
in giving an overall idea of the deviations in the stress-strain
charscteristics, these deviations were not necessarily due to
the effects of the methods employed for the sample preparation.
Several additional variasbles were introduced during the method
of testing. For example if adequate time is not allowed for
the isotropic consolidation prior to shear, the volumetric strain
observed during shear will not represent the true magnitude.
Further, the stress-strain characteristics can also depend on
the magnitude of the isotropic consolidation to which the specimen
is subjected prior to shear. In stress-controlled tests, the
behaviour may also depend on the size of stress increment and
its duration of application. Additional restrictions are
imposed on the deformation characteristics by the geometry of
the apparatus. A complete study of these factors and their
effects are beyond the scope of the present work. However,
in this chapter the author has comprehensively studied the
effects of some of the factors, and a preliminary study of
others, by careful control of the other variables,

4.2 The duration of isotropic consolidation prior to_shear

The complete duration of the shearing phase of a test
varied from 2 to 4 weeks. It was essential to ascertain that
the effect of secondary consolidation due to the isotropic stress
during shear was not of the same order as that of the volume
change due to shear. Hence all specimens, prior to shear were
left under a constant isotropic stress for a period of seven to

ten days. Fig.4.1 illustrates the variation of volume change



with respect to time (plotted on a log-scale) Tfor the final
increments of isotropic stress on three samples AF, Z and AD.
It is evident that at the end of these periods tapproximately

7 days for each increment), the volume change due to secondary
consolidation was small {approximately 0.014 cc/day). Thus
over the duration of a shear test (2 to 4 weeks) one may expect
a sample tQ consolidate a further 0.2 - 0.4 cc. This volume
is small in relation to the volume change observed during the
shear phase in a typical drained test which is of the order of

7 cc.

4,3 The behaviour of specimens prepared from different initial

Moisture content

4.,5.1 The effect of initial moisture content of the slurry

on the equilibrium voids ratio

In the present investigation three specimens of Kaolin were
prepared from slurries of initial moisture content of 120, 160
and 180 per cent. They were one dimensionally consolidated
under an axial gtress of 22.6 psi and subsequently isotropically
congsolidated to 60 psi. It can be seen in the data tabulated
in Fig.4.2 that the specimen prepared from an initial moisture
content of 120 per cent had, after isotropic congelidation to
60 psi, a lower voids ratio (€,= 1.306) than the specimen pre-
pared from the higher moisture content of 180 per cent (e, = 1.361).
The voids ratio (€ = 1.368) at 60 psi of the specimen prepared
from 160 per cent moisture content was approximately the same as
that prepared rrom the 180 per cent moisture content. The latter
two specimens were prepared from different batches of Kaolin and
hence a direct comparison of voids ratio is not strictily wvalid.
The results do however indicate that a reduction in the moisture
content of the slurry can cause considerable change in the voids
ratio. These results are in agreement with the observations of

Olson.

. . % . b L
4.3.2 The stress-strain behaviour and the (%' "B )characteristics

Fig.4.2 illustrates the (?QKU) characteristic of the three
gpecimens during fully drained tests at a constant cell pressure
of 60 psi. It can be seen that at high stress ratio, the specimen
prepared from a slurry with the lowest moisture content has a
volumetric strain appreciably smaller than the other two specimens.
Fig.4.3 illustrates that the (%E'kﬂi } relationships of the three
specimens are different. It is unwise to generalise from the



results of only thrse tests and Fig.4.3 should not be taken
necessarily to imply that the state boundary surface is different
for each and every moisture content of the slur}y. Further

work is needed to decide this point. It must be borne in mind
that the initial voids ratios of the samples Just pricr to shear
will be different for specimens prepared with different initial
one dimensional stresses. However 11t is interesting to observe
in Pig.4.4 that these specimens have a unique (V,€ ) characteris-
tic, indicating that the behaviour is unique when plotted in
strain space. Apart from the (li,e) characteristics being uniqgue,
the results indicate that the stress-strain behaviour of remoulded
specimens does depend on the initial moisture content of the
slurry. In order to be consistent with the previous research
workers in Cambridge fthe author chose a figure of 160 per cent

for the initial moisture content of the slurry in the preparation
of all his other samples.

4.4 The effect of initial one dimensional consolidation stress

on the shearing phagse of fully drained tests

4.4,1 _ngeral

Fige4d.5 illustrates the stress paths followed by three speci- J
mens which were subjected to different one dimensional consoli-
dation. pressures and subsequently brought to the same isotropic 3
stress. In this figure points A, B and C correspond to the i
stress states at the end of one dimensional consolidation. |
Points Al, B1 and C1 correspond to the stress state at the end 5
of the first increment of isotropic stress. Point 0:L represents |

the stress state for all samples at the end of isotropic consoli-

dation and prior to shear, The details of these shear tests i
are summarised in Table 2.4(a). The experimental observations

are discussed in section 4.4.2 and attempts will be made in

gsections 4.4.3 and 4.4.4 to study the effect of the initial shear
stress imposed during the one dimensional consolidation on the
subgequent stress-strain behaviour. '

4,4,2 The experimental observations on fully dralned tests

Since all the specimens were subjected to the same applied
stress path of slope 3, commencing from the same isotropic stress
of 60 psi any stress point (g,p) can be uniquely represented by
the parameter (%). Figs.4.6 and 4.7 illustrate the variation
of the volumetric and shear strain with respect to this parameter.

It is clear that, (a) at any particular stress ratio, the specimens
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with high initial one dimensional consclidation pressure have low
volumetric and shear strain and (b) except for the specimen with

a 1-D stress of 55 psi, the (%‘—'5) characteristics for the two
specimens with 1-D stress of 22 psi and 11 psi are approximately
the same. Hence any further reduction below il psi of the 1-D
stress will not have an appreciable effect on the volumetric
strain, stress ratio characteristic. Fig.4.8 illustrates that
the (U,€ ) characteristic for the three specimens is approximately
unigue. The (g , p ) characteristics of the three specimens are
illustrated Pe Pe ipn Fig.4.9. It is observed that the speci-
men with the initial 1-D stress closest to the isotropic stress of
60 psli has the highest wvalue of % s for any specific value of % .
It will now be shown that specimé%s which have lower volumetric
strains (at any particular stress-ratic) will have higher values
of % for any specific %‘ . By definition

2 2

p = p exp (€S-8 ) 4,1
A

[} (=]

where e, corresponds to the voids ratio at pressure p, on the
igotropic consolidation line,

v = log (1 + €5 4,2
l+e

Hence from 4.1 and 4.2

D, =D 0) (1 - exp(=1)) 4,3

1+ e
o exp (-7 %o

o
Contours of constant (9) are straight lines on the ( % E } plot

even if Pg varies durlng the tests; this is illuétaated 1n
Fig.4.10. Hence at any particular stress ratio the position of

a point on the state path in %L y 2 gspace corresponding to a
drained test can shift towards or awd§ from the origin along

the constant stress ratio line and its position will depend on
the magnitude of Dy As indicated by equation 4.3, high
volumetric strain resulis in high values of D and therefore
tends to move the point towards the origin along BA, The data
presented in Fig.4.6 indicated that the specimen with 1-D stress
of 55 psi had a lower volumetric straln compared to the other

two specimens. Correspondingly this specimen will have a higher
value of p , than the other two specimens for any particular value

of & on Pe the & ’ 2 plot.
e pe pe

4.,4.,3 The correlation of the drained test results of specimensg
prepared with different initial 1-D stress

The following assumptions will be made in the ecalculation of
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the initial shear stress experienced by'a specimen during 1-D
congolidation. The ratio of the minor principal stress to the
major principal stress is a constant during thetinitial 1-D
consolidation. This ratio is taken to be 0.7 (Ko) and is in
agreement with the lateral pressure measurements carried out
by Thompson (1962) and Burland (1967) during 1-D consolidation
of cylindrical specimens. The corresponding value of (%) is
0.375.

Two methods will be studied for the correlation of the
observations on the specimens prepared-with different initial
1-D stress. These methods are based on two different additional
assumptions.
~Method 1 In this method it will be assumed that there would be
a unique relationship between % and v, and %' and € , during
shear under a given applied stress path of all specimens if they
had been initially prepared under truly isotropic sitress condition
(i.e. these specimens are assumed to be initially isotropically
consolidated from the slurry, instead of being subjected to a
1-D consolidation). Since all specimens prepared by the author
were initially sheared to a stress ratio of 0,375 during 1-D
consolidation, one would expect them to exhibit strains of
gmall magnitude during the initial phases of subsequent shear

in the triaxial apparatus, until the stress ratio of 0.375
(experienced by the specimen during 1-D consolidation) was
exceeded. Therefore the behaviour of all these gpecimens beyond
a stress ratic of 0.375 should be identical in the (% - v) and

(9 -€ ) spaces irrespective of their initial 1-D stress.
Figs.4.11(a) and (b) indicate that the (% -€ ) and the (% -v)
characteristics of the specimen for stress ratios higher than
0.375. It is observed that even after allowing for the initial
shear stress effects based on the KO condition the stress strain
behaviour in the (%3v) and (%JE) spaces is not unique.

Method 2 In Method 2 only one different assumption will be made
to thoge used in Method 1. In Method 1 it was assumed that the
stress-strain behaviour during shear of all the specimens might
be unique once the stress ratio % had exceeded the KO value
attained during the initial i-D consolidation. . In Method 2 it
will be assumed instead that the behaviour of all specimens
might be unique once the deviator stress g had exceeded the value
attained during the initial 1-D consolidation, The initial
shear stress experienced by the three specimens prepared under




4-7

the initial 1-D stresses of 11, 22 and 55 psi were, 3.3, 6.6 and
16.5 psi respectively. The (a,€ ) and the (a,v) relationships
for the three specimens during the whole of the shearing phase
from the initial isotropic stress of 60 psi are shown in Figs.
4,12 and 4.13. The points A, B and C on the curves correspond
to the three deviator stresses quoted above, namely A = 3.3,
B=6.6 and C = 16.5 psi. In this method of correlation of
the tests results it is suggested that the behaviour of the
three specimens before they reach the initial shear stresses of
53, 6,6 and 16,5 psi respectively may be different.

However thereafter the behaviour of the specimens ghould
be identical. In Fig.4.12 the points G and H on the curve
OAK correspond to the same level of deviator stresses as the
points B and C respectively. Let € ;,° €g €5 €g and € i
be the shear strains as recorded in Fig.4.12 at the points
A, B, C, G and H respectively. Then the modified (g- g)
relation for the specimen having the stress-strain curve CM
is ¢obtained by adding the shear strain difference E?H - Eb
for all values of € on the curve CM. Similarly the modified
(g-¢ ) relation for the specimen having the stress-strain curve
BI, is obtained by adding G(}-EB for all values of &€ on the
curve BL. These modified relations for the specimens with
the stresgs—strain curve OAK are replotted in Fig.4.14. A
similar procedure is adopted for the (q-v) characteristics of
the specimens in Fig.4.13 and the results are replotted in
Fig.4.158, It is observed that the behaviour of the three
specimens'in Figs.4.14 and 4.15 are still not unigque; however
the correlation is somewhat better than that produced by lMethod 1.

An alternate method by which the author was able to
correlate the stress-strain behaviour of the three spscimens
satisfactorily will now be described.

The shifts of the origin of the gstress-strain curves

depending on the magnitudes of the initial 1-D stress.

In this methed it is suggested that the behaviour of the
specimens in the plots (g¥, ¢*) and (g%, v¥) are unique where

Q¥ = q - Qp, 4.4
CVE =V - Vo 4.5
and ¥ = € - &y, 4.6

where Ao is the magnitude of the initial shear stress due to




cne dimensional consolidation and Vio and.E’Ko correspond to
the volumetric and shear strain experienced by the specimens
during the subsequent shear in the triaxial apparatus up to

a deviator stress of qKo" The results are presented in the
modified plot (g%, ©*) and (g%,v*) in Figs.4.16 and 4.17.

The unigue relationships revealed by these plots indicate that
the origins of the stress-strain curve denoted by D, E and F in
—eKO) and
respectively. It is of interest to note that the

the (g, € ) and (q,v) plots shift by the amount C—QKO,
(_‘q'KO, _-VKO)
stresgs-strain behaviour for deviator stresses less than Ao
i.e. for negative values of g*, ¢* and v¥ also appears to be
unigque and occurs as a continuous extension of the curve des-—

cribling the behaviour in the positive range of g*.

The method suggested in this sectién for the correlation
of the stresses and strains of specimens subjected to varying
1-D stresses and subsequently sheared from an isotropic stress
condition, has an important field application. Specimens which
are in the normally conscolidated state and under a Ko condition
in the field, when tested in the triaxial apparatus at an isotro-
pic stress (greater than the initial 1-D stress) will only give
unigue behaviour in the (g*, ¢*) plot and not in the conventional
d,e oOr (%,65) plots. The initial one dimensional consolidation
stress experienced in the field by the specimen coudd be deter-
mined by performing a single 1-D consolidation test in the
laboratory on the specimen. Then by deoing a single drained
triaxial test after isotropic consclidation at a cell pressure
higher than the initial 1-D stress, it is now possible to
establish the (g*, ¢*) and (q*,v¥) behaviour of the field specimen.

It would be interesting to study the effect of different
initial 1-D stresses prior to isotropic consolidation at 60 psi
for other test paths under drained conditions than those dis-
cussed above which had a slope d%ﬁp = 3. I1f the modified relation
in the (g*,v¥*) plot is unique for a given imposed stress path,
then the (9— g— ) plot should also be unique for that type
of test, prov1ded the voids ratio of these samples are approxi-
mately the same at the end of isotropic consolidation (see
equation 4.3 which indicates that B is constant when €, and v
are constant)., Note that p* = P, + T g¥. In addition to the
. voids ratios being identical at any one isotropic stress if the
‘constant (%;) lines are linear in the (& e, log p*) plot with

N
N



slope (- 90 for all types of tests, then there would be a

¢

unigque (9— %—) curve for all these tests,
Pe e

4.5 The effect of initial 1-D consolidation stress con the

undrained test results

4,5,1 General

The observations during undrained tests on two specimens
T7 and T4 willész be preseﬁted and an attempt will then be made
to correlate this data. Specinmen ’I.‘7 was prepared from a slurry
by initial 1-D consolidation under a vertical stress of 3 psi,
which corresponds to an applied deviatoric stress of 1 psi.
This specimen was then isotropically consolidated under a
pressure of 60 psi and was then subsequgntly sheared in a
conventional undrained triaxial compreséion test. Sample T4
was subjected to a similar treatment but was given more initial
1-D consolidation since it was subjected to a vertical stress

of 22 psi, corresponding to an initial shear stress of 6.6 psi.

4.5.2 The experimental data from undrained tests T7 and T4_

In Fig.4.18 the (% ,€) relationshipe observed during
triaxial shear tests T7 and T4 are plotted and can be seen to be
virtually identical. The magnitudes of the parameters £ and g
were both taken to be zero at the commencement of the triaxial
shear phase of the tests (i.e. after the isotropic consolidation
to 60 psi). This unique (%,e) relationship is therefore inde-
pendent of the previous shear stress (or strain) history which
had been imposed on the samples during the initial 1-D consoli-
dation. The fact that no such unigueness was observed in
drained tests (see Fig.4.7) will be discussed in section 4.5.3

When the same data was plotted on a (3, B) plot as shown
in Pig.4.19, the undrained state boundary surface corresponding
t0 specimen TV’ which had only experienced a previous shear stress
of 1 psi during 1-D consolidation, was much higher than that for
T, (previously subjected to a shear stress of 6.6 psi). It
would therefore seem that if no allowance is made for stress or
strain history, the undrained state boundary surface is not
unigue but does depend on the stress history. This statement
is confirmed by the different (q,u) relationships for specimens

TV and T4, shown in Fig.4.20.




4-10

4,5,3 The correlation of the undrained best results on

specimens E7and T4 which have experienced different

initial shear stresses during 1-D consolidation

Two methods attempting to correlate the results of undrained
tests T7 and T4 will now be considered. The first is the same
as the (q*, v¥, ¢*¥) method used in correlating drained tests
results in section 4.4.3.

Method 1

If' during the initial 1-D consolidation, a sample is
subjected to a shear stress Qie, and undergoes a shear strain of
E;Ko then during subsequent ihear in the triaxial shear phase
of a test q* = q ~ g, and € =€ - eKo' The (g*, ¢*) relations
for specimens T7 and T4 can be seen to be completely different
in Fig.4.21. The (g*, ¢*) are also different as shown in
Fig.4.22. p* In deriving p*, it was assumed that

L p* = p, + 3q* - u 4.8

A possible explanation for the fact that both the (g#*, e*) and
3 . .

the (%; » &%) relationships are not unique for undrained tests

on samples with different shear stress (or strain) histories,

whereas they were for drained tests, will be deferred until

Method 2 hasg been described.

Method 2

In this method it will be assumed that (i): a unique (g,u)
relationship should exist during triaxial shear of any specimen
that had been prepared from a slurry under isotropic conditions
only (i.e. without any initial 1-D consolidation) and (ii) the
changes of g and u actually observed during triaxial shear of
a sample, which had in its history previously experienced a
gshear stress of g, would only be the same as those Tor an isotro-
pic sample for wvalues of q,>q1. In Fig.4.20 the values of 94
for samples T%and 'I‘4 correspond topeints A and B respectively. T
If the twe assumptionsstated above are correct then curve BY
when B is displaced to C (where ¢ is at the same value of g as
B) should coincide with curve CX. This can be seen to be the
case in Fig.4.23. Hence the (q,u) relations for the two
specimens are identical for all values of g larger than the
highest value of aq imposed on either specimen during the pre-
liminary 1-D consolidation. If however the values of u shown
in FPig.4.23 are used to calculate revised values of p during
the shear tests on specimens T7 and T4 it i1s found that the
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(%,EE) relationship is not unique at higher values of (%) as
shown in Fig.4.24., It will be recalled in Fign4.18, that where
the experimentally observed values of u were used to calculate p,
teat the (%,GE) curve was unique for all values of %. In the
light of the evidence provided so far it is concluded that the
Gl,G) relation actually observed in undrained tests 1is unigque
and is not affected by the previcus shear stress qq imposed
during 1-D consclidation. Furthermore the pore pressures
observed during trisxial shear are dependent on dq s but deviations
from the values obgerved with isctropically prepared samples
occur in the range o< qgdq . It will be recalled that in
section 4.4.3 the (%,G}) relationship observed in drained tests
was affected by the initial shear stress. The apparent contra-
diction between this and the conclusioﬁ made above Tor undrained
tests may be explained by appealing to the hypothesis of Roscoe
and Poorooshasb (1963) or its modification by Roscoe and Burland
(1968).

The basic equation used by‘Roscoe and Poorooshash has been
discussed in section 1.3.6 and is given in equation 1.2. This
equation can be expressed in terms of shear strain (€ ) namely

d€ = (%%j)v- dq  + (%%—)W; av 4.7

Consequently an increment of shear strain during any test in
~which there is a reduction of volume can be considered to be made
up of two components namely (i) an undrained component as repre-
gented by the first term on the right hand side of equation 4.7
and (ii) an anisotropic consolidation component as represented
by the second term in this equation. Hence it is possible

for the undrained components of the shear strain to be indepen-
dent of the initial shear stress history while the anisotropic
consolidation component does depend on the initial shear stress
history for the range 0<aAsqq-

It can be seen that the anisotropic consolidation component
in equation 4.7 is itself the product of two components, namely
(i) a component (%fL which is obtained from the results of
anigotropic consolidation tests and (ii) the volume change 4dv
which is predicted by projecting the imposed stress increment
on to the state boundary surface. This latter surface is
assumed to be unique and to be best represented by data from
undrained tests. The author believes that his own data and

that of Poorocoshasb (1961) and Thurairajah (1961) shows that
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(%;Grs—)‘rL is not dependent on the magnitude of the shear stress Q-
This implies that the volumetric strains experienced during tri-
axial shear tests with geometrically similar stress paths are not
unigquely related to % until q>q,-.

4.6 The stress—-strain curves and the (% - % ) characteristics
of specimens initially consolidatedg1—d§mensiona11y to 22 psi

and then under different isotropic stresses prior to shear

with geometrically similar applied stress or strain paths

4,6,1 Generalr

In this section the author has studied the stress-strain
behaviour of specimens sheared from isctropic stress levels of
30, 60 and 90 psi when subjected to three different types of
imposed stress path., The stress paths were those of (i) an
undrained test (ii) a constant p test and (iii) a fully drained
teast. All specimens were initially prepared under a 1-D stress
of 22 psi and subsequently isctroplcally consolidated to the
relevant levels of isotropic stress. The experimental observatlions
on each type of test are first presented and subsequently dls-
cussed.

4.6.,2 The experimental observations on undrained tests

Fig.4,.20 illustrates the variation of shear strain € with
stress ratio % for three undrained compression tests. It is
noted that the variation of % with ¢ 1is unique for all three
tegts. The (9, B) characterfstics for the three testes are shown
in Fig.4,26, eTheé stress paths followed by the three specimens
in this plot are significantly different. Alsc the specimens
which has been sheared at the highest isotropic stress is found
to have a higher value of E, than the other two specimens for
any particular value of-%; ¢ The (%, %) relationships of the three
tests are also different as seen in?Fi§.4.27.

4.,6.,3 The correlation of undrained stress paths based on the

initial shear stress 9, imposed during the preliminary
1-D consolidation

In section 4.5.3, two methods were employed for the correlation
of undrained test results and it was noted that the method 2 gave
better correlation of these results, This method will now be
used to correlate the stress paths of the undrained tests dis-
cussed in section 4.6.2. In addition to the two assumptions
stated at the beginning of Ethod 2 in section 4.5.3 it will
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also be assumed that geometrically similar (q,u) relationships,

to that stated in assumption (i), apply whatever the stress level
of the initial isotropic consolidation prior to shear. The
validity of these assumptions will now be investigated in relation
to the experimental observations. The three specimens TS’ T4

and T5 were all initially subjected to deviator stresses of

6.6 psi. The points A, B and C in Fig.4.27 correspond to this
level of deviator stress. In this figure two points D and &

are selected on the curve 0OAF such that the deviator stresses

of D and E are the same as those of B and C respectively.

Let the wvalues of E, corresponding tc the points A, B E be
denoted by ( ) { (E)B"'°'(%2 Then the modified relation
for specimen ‘I'5 is obtained by subtracting (E)c - (EQE from
every value of (p) lying on the curve CH. Similarly the modified
relation for specimen T, is obtained by subtracting (2 ) )
from every value of (%) lying in the curve BG. These modlfle%l
relations and the curve 0OARF are replotted in FPig.4.28 for the
three specimens,. The unique relationship observed in this plot
illustrates that assumptions made above for the correlation of
test results, are valid. $ince the modified (2, ¥) is unigue

it follows that the (%@ P) plot ( where p = p_ +5q - (u)mod and
(u)mod corresponds to values of u in Fig.4.28) for all the undrained

tests will also be unique. Because of the method of obtaining
(udmod this latter curve will coincide with that shown for the
90 psi specimen in Fig.4.26.

4.,6.4 The experimental observations for constant p tests
AJ, AQ and AQ at isotropic stregges of 30, 60 and 90
p8i regpectively.

Fig.4.29 1llustrates the variation of shear strain € with
stress ratio (%) for three specimens sheared from isotropic
stresses of 30, 60 and 90 psi respectively. It is noted that
the (%,(E) characteristic corresponding to the 30 psi specimen
(Test AJ) -is quite different from the other two. A similar
deviation is observed in the ( y V) relationships of the three
specimens shown in Fig.4.30. The (g E) characteristics of the
three specimens presented in Fig.4. 51 are also different. At
any particular level of (g), the corresponding value of (E) is
significantly larger for the specimen which had been subaected to
the lowest isotropic stress P, of 30 psi. It is interesting to

note that the (g g) characterlstlc of this specimen (i.e.
e ‘e
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p.= 30 psi 1-D consolidation pressure = 22 psi) is approximately
the same as that shown in Fig.4.9, where the specimen AR was
subjected to a similar high ratio of 1-D to isotropic stress
levels. (For the specimen AR the initial 1-D stress was 55

prsi and the subsequent isotropic stress was 60 psi. The ratio
of initial 1-D stress to the isotropic stress of this specimen

was therefore = %%1£:O.9; the corresponding ratio for the
specimen AJ in Fig.4.31 was %% = 0.73.) The (v, e ) characteris-

tics for the three specimens AJ, AQ and AO presented in Pig.4.32
are approximately unigue. During a constant p test, the volumet-
ric strain experienced by a specimen is entirely due to shear.

If elastic volumetric strain ig assumed to be only a function

of the mean normal stress p and if elastic shear strain is
neglected, then the {(v- ¢ ) relationship illustrated in Fig.4.32
will refer to plastic strains. Consequently the slope of this
curve will represent that of the plastic strain rate vector %%P
which has been used extensively in some of the Cambridge stress-

clovusg,
strain theories for 'wet' .

4.6,5 The correlation of constant p tests based on the initial

shear stress . imposed during consolidation

For the correlation of the experimental observations of
constant p tests, two assumptions will be made:

(i) unique relations exist between (a) g* and c* and (b)
g* and v*%, where g%, g% and v¥ are as defined in section
4.,4,3, and

(ii) +the unique relationships (a) and (b) stated in assump-
tion 1 are similar for all specimens sheared from isotropic
stress states. This entails the use of the parameter (%;)
for the comparigon of specimens sheared after consolidation
to different isotropic stress levels.

In Figs.4.33 and 4.34 the points A, B and C correspond to
the strains G;Ko and vKo experienced by the three specimens in
reaching the stress state Ao * The results are replotted in the
(q*, €*) and {(q*,v*) spaces in Figs.4.35 and 4.36 respectively
and are presented again in the (%; , £%) plot and (%;, v¥) plot
in Figs.4.37 and 4.38 respectively. The unique relationships
in both these plots indicate that the assumptions (i) and (ii)
above are valid for the correlation of the test results.
Furthermore, since g*, C#* and g* v¥ are unique the relationship

between ¢C* and v* is also unique.
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Note: Since the voids ratio €5 of the three specimens will be
different at the end of consolidation under the three isotropic
stresses, 1t follows from equation 4,3 that the value of Pe for
each of the three specimens will be different at any particular

oot
( ) Hence the (%—, %f) curves of the three specimens will
e e

not be unique.

4.5.6 The experimental observations on fully drained tests
AR, 7Z and AD at cell pressures of 30, 60 and 90 psi
respectively after 1-D consolidation to 22 psi

Fig.4.39 illustrates the varistion of € with % for thne fully
drained tests carried out from the three isotropic stresses of
30, 60 and 90 psi. These characteristics are all different.

A similar phenomenon was also noted in the (g,v) characteristics
in Fig.4.40. In both figures the specimen gheared from the

30 psi isotropic stress had smallef strains than the other two
specimens. Fig.4.41 shows that the (-(-:L %) characteristics of
the three specimens are also dlfferent Bimilar to the results
of constant p tests, these drained tests also indicate that for
the test at 30 psi, the wvalue of g corresponding to any value

of 4 is larger than those for theeother two specimens, The
(vy‘z) characteristics of the three specimens are illustrated

in Fig.4.42. In this the (v, € ) characteristic for the specimen
AF (initially consolidated at 30 psi) is different from those

of specimen Z (60 psi) and specimen AD (90 psi). It will be
shown in the next section (4.6.7) how these results may be

correlated.

4,6,7 The correlation of fully drained tests on specimens

sheared from isotropic stresses of 30, 60 and 390 psi
after initial 1-D consolidation under a stress of 22 psi

The assumptions now made for the correlation of the stress-
strain behaviour of the fully drained testsg are the same as those
mentioned in section 4.6.5 for the correlation of constant p
test results.

In Figs.4.43 and 4.44 the points A, B and C correspond to
the strains E;Ko and YKo experienced by the three specimens in
reaching the stress state e ® The results are replotted in
the (g%, ¢*) and (g%*,v¥) spaces in Figs.4.45(a) and (b) respectively.
These results are then presented in the (%;,EE*) plot and (%;, vE)
plot in Figs.4.46(a) and (b). The unique relationships in these

plots indicate that the relationship between v¥* and g* must be
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unique and furthermore that the assumptions (i) and (ii) made
in section 4.6.5 are valid for the correlation ,of the fully
drained test results. Since the vbids ratio of the three
specimens were different at the three isotropic stresses, the
gquantity B, for the three . specimens will be different at any
partlcular (9—), therefore the (EL- %—) curves for the three

e
specimens Wlll not be unique. Te

4.,6.8 The (%, ) characteristiecs of specimens sheared with
different applied stress paths from three isotropic

stress states

Figs.4.,47(i)-(iii) show the experimentally observed (%, g)
characteristics for three types of tests {(undrained, constéﬁtﬁa
and fully drained) at each of the three isotropic stresses of
30, 60 and 90 psi. All the samples had been previously 1-D
consolidated under a vertical stress of 22 psi, The maximum
deviation between the three types of stress paths is observed
in the case of the tests on the samples consolidated at 30 psi
isotropic stress. The extent of this type of deviation diminishes
as the isotropic stress increases from 3o to 90 psi. The
behaviour at 90 psi is approximately unigue for all three stress
paths. These observations may be compared with those of Roscoe
and Thurairajah (1964) presented in section 1.3.5. They also
noted a difference in the state boundary surface followed by the
drained and undrained specimens of Kaolin in the alternating plot
1 exp ( e)) which is similar to the (% %) plot. The one
dimensional. stress used in the preliminary preparatlon of his

samples (Thurairajah (1961)) was of the order of 33 psi which is
larger than the 22 psi used by the present Author. Hence the
differences observed by Roscoe and Thurairajah (1964) in the

(%, g) plot of the drained and undrained state boundary surfaces
in?triaxial specimens of Kaolin can be attributed to the pre-
dominant effect of the initial 1-D stress.

4.7 The effectg of time on the stress-strain behaviour of Kaolin

4,7.1 General Introduction

In this section the effects of time on the stress-strain
behaviour of Kaolin are investigated both during undrained tests
and fully drained tests. The undrained test results are studied
in relation to the recent investigation made by Ting (1968).

The investigation of the stress-strain behaviour during drained
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tests is complementary to that of Walker (1967) whose experiments
were carried out in the 38SA as well as in the triaxial apparatus.
No attempt has been made to repeat the survey of literature on
time effects as this has already been done by Thompson {(1962),
Walker (1967) and Ting (1968). For a reliable study of the

time effects in fully drained and undrained tests it will be
necessary to make considerable improvements in the present experi-
mental techniques. These techniques should incorporate facilities
to measure (i)} the distribution of stresses at the end plattens
(ii). local pore pressures and (iii) the local strains using the
lead shot technique; all measurements being required to a high
degree of accuracy. If local strains and local pore pressures
are measured, then it is possible to study the effects of time
during the pore pressure dissipation in drained tests, and the
pore pressure egualisaticon in undrained tests. Experimental
cbservations provided in later sections of this chapter, indicate
that the deformation of Kaolin can be considered to be in two
phases, (i) time dependent (where the effects of time on the
strains are predominant) and (ii) time stable (where the effects
of time are small and can be allowed for by linear logarithmic
relations). The time dependent range of Kaolin for the 1% inch
diameter samples was found to be small, and if this region is to
form a subject for detailed investigation it would be desirable
to select a clay which had a larger time dependent range than
that of Kaoclin.

4,7.2 The experimental cobservations in the time study of

undrained tests. .

Figs. 4.48 and 4.49 illustrate the (€, &t ) and the (u,t)
characteristics for several increments of stress ratio applied
at different stress levels in a continuous undrained test (T4),
at 60 psi cell pressure., The stress ratio (% = %) at the end
of each increment of stress is indicated along each curve. The
time required for the shear strain to reach a stable value
increases with increase of stress ratio and is about 500 mins.
for 1] = 0.57 and after about 1500 mins. for 1 = 0.78. The
time taken for the pore pressure to reach a stable value also
increases with increase of stress ratio being 400 and 800 mins.
for q'= 0.57 and 0.78 respectively.

The shear strains and the pore pressures can be expressed
as functions of time and of the shear stress i.e.

e = CP(qpt) 4.8




and w = X(g,t) 4.9

A detailed investigation carried out by Ting (1968) indicated
that equation 4.7 can be expressed as

€ = P+ hla) B (b) 4.10

For specimens sheared under undrained conditions from the same
isotropic stress p = 128 (2 constant) and therefore

C=Y@+ YLD K .11

To the author's knowledge no attempts have been made so far to
study the form of equation (4.9) for the variation of pore
pressure with time. However if equation 4.9 assumes a form

u o= X&)+ @ Xy . 4.12
) a2 P 3
then it is evident that the elimination of time from equations
4,11 and 4.12 would give

€ -F (g,u) 4.13

Two of the three eguations 4.11, 4.12 and 4.13 are sufficient

to descrive the variation of pore pressure and the shear strain
during the time dependent range. These equations may then be
used, as shown below, to describe the deviations in strain and
pore pressure during the time dependent phase for the undrained
component of shear strain used in the stress-strain theory of
Roscoe and Poorooshasb (1963) or that of Roscoe and Burland (1968).
At present pore pressures are only measured at the ends of the
specimens, and there has been no guarantee that these measured
values of pore pressures represent the true magnitude throughout
the sample during the time dependent phase. In an attempt to
determine the form of the functions in equation 4.12 {which des-
cribes the variation of pore pressure with time) the author

tried to use semiconductor pressure probes for the local measure-
ments of pore pressures. Unfortunately all six of these very
expensive transducers were not satisfactory and attempts are

s8till in progress at Cambridge to develop suitable replacements.

4.7.,3 The effectg of time on fully drained tests

The effects of time on the observed stress-strain behaviour
in fully drained tests will now be considered in the next four
gsub-section. ‘

(i) The unigueness of stress-strain behaviour in the time stable

regions
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Pigs.4.50 and 4.51 show the (€, t) characteristics and the
(v,t) characteristics corresponding to stress increments at
various levels of deviator stress, in a fully drained test at
60 psi,. The observations indicate that beyond a period of
about 700 minutes for each increment of deviator stress the
volumetric strains and the shear strain reach an approximately
constant value, but nevertheless are still increasing at a very
amall rate with respect to time.

The uniqueness of the stress-sirain behaviour in a con-
tinuous stress controlled drained test was investigated by
carrying out fully drained tests at 60 psi cell pressure with
load increment:durations of I day, 1 day and 2 days respectively.
The sizes of the lcoad increments used and the methods of testing
adopted were ldentical in all three tedts. Figs.4.52 to 4.54
illustrate the (P,v), (9' €) and the (5 E) characteristics of
a2ll three tests. From these observatlons it is apparent that
for load inecrement durations of half a day or greater, the stress-
strain behaviour corresponding to continucus tests performed with
constant load increment durations, i1s approximately uniqgue.

These observations are in agreement with those of Walker (1967).
He performed stress-controlled drained tests in the S.38.A and
came to the conclusion that the stress-sgtrain curves obtained
from a continuous test (in which sufficient time had been allowed
for the digsipation of pore pressure after each increment has
been applied) is unique and is independent of the load increment
duration. _

For stress paths lying between the undrained and drained
paths, this unique stress-strain behaviour can be predicted
using the incremental stress-—-strain theory of Roscoe and Pooroo-
shasb (1963) or the modified theory of Roscoe and Burland (1968).
However if the variations of volumetric and shear strains with
time have to be predicted during any increment which is applied
for a long time these secondary strains should be added to those
predicted by the above theories. These additional secondary
strains will now be investigated for a fully drained test.

(ii) BSecondary shear strains and volumetiric strains as linear

functions of log t in the time gtable region

The variations of shear strains and volumetric strains with
respect to log t at various levels of stress ratios ( n = %) are
shown in Figs.4.55(a-h) and 4.56(a-h) respectively during a
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fully drained test (R). Similar observations on Kaolin have
been noted during 1-D conscolidation by Thompsornr (1962) and
during fully drained tests in the S.8.A and in the triaxial
apparatus by Walker (1967). These linear relationships can

be expressed as

d(lg;t) = H(R) 4.14

and &'(12‘%) =A(n) 4.15

The functions,?ﬁ and /\(rL) are plotted against q‘ in Figs.4.57
and 4.58. The function ¢ q) is approximately a constant
and is independent of the stress levels. The function N\ (q})
varies linearly with TL and can therefore be expressed as

Al = n.n 4.16

where m is a constant.
Equations 4.14, 4.15 and 4.16 would give

= - ﬁ._li 4,17 | |
where m = %‘).

The equations 4,14, 4.15 and 4.16 are the same as those observed
by Walker in the triaxial apparatus. Walker used_(f? ) as a

- parameter in the S.S5.A and his corresponding relations were of

the form i

T
Tisee) = F(E)
Wiogy) = AME) s.18
i*(gz) = J* a constant

AR(E) = me(Z)

where m¥ is a constant

(iii) A note on eguation 4.17

It is interesting to note that equation 4.17 which des-
cribes the dilatancy rate (%%) during the deformation in the

time stable region is of the form

(£%) —
A€ time stable = Hl‘?i 4.17
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where the dilatancy rate is only a function of the stress ratio.

It is appropriate at this point to compare eguation 4,17 with

the corresponding variation of (de) with h &urlng anisotropic

consolidation. It is shown in Chapter 6 that (de " during

anisotropic consclidation can be expressed as
(dv) A (MB— W?)

i, -G o 4.19

where A = 0.26, k = O. 06 and U = 0.9 (for Kaolin)

Thus the dilatancy rate ( ) during anisotropic consolidation
and during the secondary consolldatlon are both only dependent
on the stress ratio,

(iv) The incremental stress-strain theory of Roscoe and

Poorooshasb (1963) in the time dependent and the time

gtable regions.

For stress paths satisfying the conditions dv=2o0 and
dqj; 0, the stress-strain behaviour in a continuous test can be
described as

de = (d€) dv 4.7 bis

undrained * (dv)Q
If equations 4.13 and 4.12 are valid for the deformation
behaviour in undrained tests in the time dependent region then

o 9F
(A€ ) unarained = >gq "4+ g ot adu 4,20
where u = :tl(%) + 312(%) Az (t) 4.12 bis

The equations 4.20 and 4.12 can be considered as a particular
case of equation 4.7 when dv = o. Thus for the undrained case
a prediction of the time dependent stqggs can be made. How=
ever for dv>o, the validity of equation 4.7 in the time depen-
dent (i.e. pore pressure dissipation) range has not been verified.
The valldity of eguation 4.7 during pore pressure dissipation
may be ascertained by obtaining local measurements of the pore
pressures and the strains. From these measurements it would
be possible to determine the variation of (%%) » dv, u, and 4¢€
with time and hence if eguation 4.20 isg valid for the undrained
component of shear strain equation 4.7 may then be shown to be
valid, or otherwise, for the drained cases '

Now considering the time gtable region in which deformations

occur under constant stress it has been shown that

F a(logt) 4.14 bis

for dv.> o where :$ is a constant.
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and de = A(n) a(logt) 4.15 bis

where A Q) =m-kH . IHence the strains may be:r predicted during
,tﬁé phase of deformation,

4.8 The effect of load increment size on the stress-strsin

behaviour in fully drained tests on specimens 1-B consolidated

to 22 psi and subseguently isotropically consolidated to 60 psi.

4,8.1 General

The experimental observations presented in this dissertation
are based on stress controlled triaxial tests. In studying the
eff'ect of stress paths on the stress-strain behaviour, it is
essential to keep the magnitude of pore pressure associated with
a stress increment, as low as possible., Fully drained compres-
sion tests at constant cell pressures with large increments can
cauge high pore pressures to develop and hence the specimen will
be virtually subjected initially to an undrained stress path and
subsequently to a constant g stress path. Though these types
of stress paths are more likely to occur in engineering practice
they would give a totally misleading picture in the laboratory
if it was there assumed that they referred to the stress-strain
behaviour under fully drained conditiomns. The stress path
followed by a test specimen subjected to a large increment is
indicated in Fig.4.59, it is evident that the specimen has been
subjected to stress paths which are totally different from that
which had been intended. Also the stress ratio at the end of the
undrained phase is higher than the stress ratio at the end of the
constant g phase. Hence the specimens would have been subjected
to a higher stress ratio, than the recorded value, at the end of
its pore pressure dissipation. In this section the effects of
the load increment size on the stress strain bghaviour of specimens
(sheared under fully drained conditions from a cell pressure of
60 psi) will be investigated. The stress history of the specimens
were ldentical prior to shear, namely 1-D stress of 22 psi and

isotropic stress of 60 psi,.

4,8.2 DExperimental observations illustrating the effects of

load increments size on fully drained tests

Experimental observations on four fully drained tests Z, R,
X and Y are presented in this section. In test Z stress incre-
ments of 0.7 psi were applied at 3 hour intervals. Five stress
increments were applied during a day and the eguilibrium readings
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were taken before applying the next increment and the following
morning. In test R stress increments of 7 psi were applied at
two day intervals. Stress increments of 14 psi were applied
in text X at two day intervals and in test Y, a single stress
increment of 26 psi was used. The (g, e ) characteristics of
the specimens are as shown in Fig.4.60. It is noted that the
shear strain corresponding to any particular deviator stress is
different for each of the tests indicating that the magnitude

of the applied stress increment has an important effect on the
results obtained in drained tests. The results indicate that €
is path dependent. The (q, € ) characteristic of the specimen

Z2 before and immediately after the application of load increments
is illustrated in Fig.4.61. It is evident that the difference
in strains caused'by each stress increment is so small that the
deviations of shear strains before and immediately after the
application of the stress increment are within the limits of the
experimental accuracy. _

Fig.4.62 illustrates the (q,v) characteristics of all the
specimens. The (q,v) characteristics are found to be different.
There is no orderly behaviour in the (g,v) characteristics of
the specimen. Onec would expect this discrepancy as it has
already been established, in section 4.6.8 and Fig.4.47, that
the pore pressures developed 1in undrained tests and the volumetric
strains experienced in drained tests are affected by the initial
shear stress effects caused by the preliminary 1-D consolidation.
This is illustrated in Fig.4.63 where the state paths followed
by specimens with the larger increments (namely R, X and Y)
always lie between the undrained state path and the path followed
by the specimen (namely Z) which had a large number of smaller
increments. It is suggested that if the effect of the initial
shear stress history had not been there, then there would have
been a unique (q,v) characteristic independent of the load incre-
ment size,

Figs.4.64 and 4.65 illustrate the (q,v) characteristicé and
the (-% ,» £) characteristics corresponding to test Z in which the
incremgntsewere small, It is again observed that the increment
size is so reduced that the stress-strain behaviour before and
immediately after the application of the stress increments lie
within a narrow band. A similar increment size was selected
for all subsequent tests in which the stress path effects were

investigated.
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4.9 The effects of samplé size on the stresgsg-strain bhehaviour

Most of the experimental observations predented in this
thesis were made during triaxial tests carried out on 1.5 inch
diameter by 3 inch high specimens. A few tests were carried
out with 4 inch diameter by 4.5 inch high samples. The ratio
off the volumes of the two sizes of samples is 1:9.5,. In some
respects it would be advantageous if the size of the specimen were
to be reduced below the conventional size of 1.5 inch diameter
and 3 inch high, since smaller specimehs would reduce the maximum
drainage path and hence the total period required for a test,
especially a drained test. In fact the maximum drainage path
in samples in the S.8.A is very much smaller than in conventional
triaxial specimens. The stress-strain behaviour as observed in
a 1.5 inch diameter specimen (T.1l) will now be compared with that
obtained for a 4 inch diameter specimen (OB). The increment
sizes used in both tests were such that the increment of deviator

stress was approximately the same for each. Both specimens

were initially prepared under the same one dimensional stress

of 22 pei. The 1.5 inch diameter specimen was sheared after
isotropic consolidation at 25 psi and the 4 inch diameter specimen
was sheared after isotropic consolidation at 30 psi. Ideally

the two specimens should have been sheared from the same isotropic
stress. The author 4did not have a test result at 30 psi on the
1.5 inch diameter sample with the same stress increment size as
that of the 4 inch diameter sample. Figs.4.66 - 4.68 illustrate

the behaviour of the two specimens in the (2, v), (% ,€) and

(%; R) plots respectively. The behaviourpof the %WO specimens
was approx1mate1y the same, indicating that the stress-strain
behaviour from small laboratory specimens can be used to predict

" the strains for larger size specimens. The small differences
which do exist can be. attributed to the effect of the 1-D consoli-
dation 1.e. the ratio of the 1-D to isotropic straese is slightly
different for the twe specimens. This statement. iz, of course,
only based on tests with 2 volume factor of 1 to 9.5. For the
meaéurements of loecal pore pressures and local strains, ii may

be necessary to increase the size of sgpecimen even further.

4,10 The effect of end restraint on the stresgs-strain behaviour

on fully drained tests

Pigs. 4.69 = 4,71 illustrate the behaviour of two specimens
(contained between the frictional ends and the lubricated ends) in
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the (.%,,'U), (%,G) and (%e b/-[’e) plots.

The avergge stress-strain behaviour of the’ two specimens
are similar in spite of the discrepancies observed in the
(?&, 9&) plot. This difference may be attributed to the
marked nonuniformity in strains noted during shear in Chapter 3
for speclmens contained beteen frictional ends.




CHAPTER 5 i

THi PEAK STRESS BNVELOPES AND THEIR

!

RELATTIONS TO THE CRITICAL STATE LINK,

5,1 Introduction

In this chapter the data corresponding to the peak deviator
stress condition of tests with a large variety of imposed stress
paths 1s presented and is discussed in detail in relation to the
critical state concept of Roscoe, Schofield and Wroth (1958) and
The Hvorslev criterion of failure. The critical state concept
and the associated previous experimental work on clays is
gunmarised in section 5.2. A detailed study of the effects of
miscellaneous test conditions such as (i) end restraint (ii)
initial 1-D consolidation stress (iii) subsequent isetropic
consolidation stress and (iv) the load increment duration is
made in section 5.35. In the following section b.4, all tests
starting from an isotropic consolidation state (po) are classi-
fied into four types depending on the increments of mean normal
stress and deviator stress and it is shown that a unique peak
stress envelope exists in the PN €py Pro qf) gpace for three

of the four types of tests. and Ap correspond to the values

b
of p and g at the peak deviatorfstresa condition and Aep is :
the change in voids during the shear phase of a test as measured }
from the condition after iscotropic consclidation under a stress Pye :
This peak stress envelope is shown to coincide witq’the conven- ‘
tional critical state line for Pe 2P, and to be a Hvorslev type
envelope for pfs:po. In section 5.5, experimental results are
presented which confirm the uniqueness of the peak stress
envelope for a wide range of 1sotropic stresses. The results

of the three types of tests at all isotropic stress levels are
then correlated in section 5.6 in the non-dimensional 3-D space
(zsef,-%i, %ﬂ%), in which they lie on a unigue curve. As

before this unique curve coincides with the conventional critical
state line for “v%,a=1, and is found to lie on a Hvorslev type
surface for %$ < 1. The results of a series of miscellaneous
tests in each gf which there are several changes of direction of
the imposed stress path prior to failure are presented in section
5.7, They show that for specimens subjected to stress paths
with APp<o from p>p, (i) the peak stress point lies on the
unique (< e, t’“‘/‘;a.ﬂ"%ﬂ) curve, provided the specimen has undergone ]
volumetric yielding during the phase in which 4 p<o and (ii) the
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peak stress point lies on a series of (<&ef, %ﬁ;) and(¢sef,<2%£)
curves originating from the same unique curve (mentioned in (i)
above)}, provided the specimen has axperienced(only elastic
volumetric strains during the phase in which Ap<o. The ﬁro—

%$ ) plane being still

-]

jections of these curves on the (ﬂi ,
unique. e

5.2 The critical state concept and the associated previous

experlmental work on clays

The critical state concept was outlined at the beginning of
section 1,.3.7 and a typical critical state line in (p,q,e) space
was represented by curve AB in PFig.l.3. In the previous section
(1.3.5) detailed evidence was presented by Roscoe and Thurairajah
(1964) concerning the uniqueness of thg state boundary surface
for wet clays. In this evidence they also discussed at some
iength, the uniqueness of the critical state line for a number of
saturated remoulded clays. The majority of the evidence was
restricted to results of undrained and fully deazined (constant
cell pressure) compression triaxial tests, though some data from
B.3.A tests was presented for Kaolin, In all cases the critical
state line from the drained tests appears to differ slightly from
that of the undrained tests, though both lines appear to have the
same slope on an (e, log p) plot. Roscoe'and Thurairajah pre- i
sumed that the undrained data was more reliable than the drained, x
since the critical state was achieved at smaller strains in the H
undrained than in the drained tests. From these two types of
test results, they suggested that there was in fact a unique
critical state 1line for both these tests and this line was best
represented by the undrained data. They implied at the large
stress in the drained tests the samples were prcbably not
deforming uniformly, nor were the stresses so reliable as in the
undrained tests. The author therefore decided to investigate
this phenomenon fully by studying in detail the strain patterns l
durihg triaxial tests in which the effect of each variable was
considered in turn, Some of these data have been presented in
Chapter 4, but most of these were concerned with the behaviour
of the samples at all stress levels prior to the attainment of
peak deviator stress. If the Cambridge concepts of the critical
state line are correct then for wet clays the peak stress should
coincide with the attainment of the critical state. In this
chapter a detailed study will be made of the results at pesak
deviator stress (qf) for a wide variety of imposed stress paths
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with the corresponding state paths on an (e, log p) plot ranging
between AL and AD in Fig.5.1l2. In all the aqthor's tests, the
samples were sheared from a state of virgin comnsolidation, such

as represented by point A in Fig.5.12. Henkel (1959) had carried
a series of drained and undrained tests on samples with varying
degree of overconsolidation from the same initial maximum virgin

preconsolidation pressure (p ) He confirmed the unique

critical state concept for ngrggily consolidated samples, but
suggested for a given (po)rnaX the peak stress was observed for
overconsclidated sanmples on ancther unique curve which deviated
progressively from the critical state line as the degree of over-
consclidaticon wag increased. Roscoe, Schofield and Wroth (1959)
argued that Henkel's overconsolidated samples became unstable
when they attained the peak value of'qf and that only the portion
of the sample within the thin failure zone would then proceed to
the critical state during subsequent deformation under inherently
unstable condition. Since in the author's stress controlled
tegts it is not possible to study conditions beyond the attain-
ment of peak deviator stress the work in this chapter will be
restricted to peak stress conditions and in cases where samples
contract in volume during shear it can be reasonably expected
that these will coincide with the attainment of critical state.
Before presenting the peak stress data for a very wide variety of
gtress paths, the results of some tests specially devised to
study the effect of (i) end restraint (ii) the initial 1-D
consolidation stress (iii) the subsequent isotropic consolidation

stress and (iv) load increment duration, on the observed peak

stresses will be outlined.

5.3 The effect of miscellaneous test conditions on the cbserved

peak stresses

(i) End restraint

To study the effect of end restraint three specimens were
prepared under (as nearly as possible) identical conditions,
namely 1-D consolidation to 22 pzi followed by consolidation
under isotropic stress to 60 psi. FRach sample was then subjected
to shear under fully drained (constant cell pressure) conditions,
but the first sample (T) had "rough" ends, the second (R) con-
ventional lubricated ends and the third (Q) enlarged ends with
rubber membranes. Details of these end conditions are given
in section 2.2. The peak stresses observed in these three tests,
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which were nearly as possible identical except for end restraints,
are given in Table D.1. In thls table pf is the value of p,
when q attains its peak value Qp e It can be seen that the value
of ( ?E) for all three tests is v1rtua11y identical (Wlthln + 2
p.c.), though the value of qp ranges from + 5 p.c. of the mean
value, If it is assumed that the cohesion of the clay islzero,
the value of C@ = tan” /ﬁ) ranges from 19.2° to 20.,0° When
combined with the evidence prov1ded by Bishop and Green (1965)
for sand, it would appear that end restraint does not have a
significant effect on the value of (%V&), for Kaolin specimens
with 2:1 height to diameter ratio.

(i1)The initial one-dimensional consolidation stress

To study the effect of the magnitude of the preliminary one-
dimensional consolidation stress used in the preparation of
samples from a glurry three samples were prepared under 1-D stresses
of 11, 22&and £b psi respectively. These samples were then
isotropically consdlidated'under 60 psi, and subsequently sheared
under fully drained condition (constant cell pressure) with con-
ventional lubricated ends. The observed peak stresses and stress
ratios are presented in Table 5,.2. The result for even test AB
in Table 5.2 should not be compared directly with those presented
in Table 5.1, since the former only had half a day lcoad increment
duration, while for the latter each increment was applied for
two days. . However it 1s interesting to note that the value of
(qﬁﬂg) for tests AU and AB are very similar to those in Table 5.1.
In test AR the low value of Ap and especially %y& correspond to
an unexpected premature failure of the sample which cannot be
explained by the author. According to the discussion in section
4.4.3 the value of Qp should have increased with increase in the
1-D stress as observed in tests AU and AB, but the effect on
CLVh%) does not appear to be very significant

(iii) Isotropic consolidation stress

Four samples were subjected to preliminary 1-D consolidation
under a vertical stress of 22 psi and then isotropically consoli-
dated to 30, 60, 90 and 120 psi respectively. They were subse-
quently sheared under fully drained conditions (constant cell
pressure) and the peak stresses and stress ratios are gquoted in
Table 5,.3. The results indicate that the peak stress ratio |
tends to decrease from 0.8 at 30 psi to 0.735 at 120 psi. i
The end points when plotted in Fig.5.1 illustrate linear relationship
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between Ap and P with a mean value of ( Ai) of 0.7658 correspon—
ding to a ¢  of 19.5. The slightly higher values of ( 4,)
observed in Table 5.3 ¢ompared to those in Table 5.1 may be in
rart described not only to the difference in isotropic stress
but also to the effect of the magnitude of the stress increments.
This can be best seen by comparing test Z with test R, since the
only difference in these tests was in test Z each increment was

about 0.5 psi (five increments per day) while in test R the
increments werc about 5 psi at 2 day intervals.

(iv) Load increment duration

Three identical specimens were prepared with preliminary
1-D consolidation under 22 psi followed by isotropic consolidation
under 60 psi. These samples were then subjected to shear with
identical load increments. But on the first sample the duration
of each increment was 12 hours where~as for the other two(agsgtjg
mens it was 24 and 48 hours respectively. It can be seen,that
both the peak stresses tend to increase glightly with increase
in load increment duration. However the variation of (h/b)

is less than + 1.5 p.c of the mean of the three values.

Any variation that can be detected in Table 5.1 to 5.4
inclusgive, will be reduced to the minimum possible in the data
presented and discussed in the remainder of this chapter, by
insuring the following test conditions. All samples will have
conventional lubricated ends, and will be subjected to an identi~
cal 1-D stress of 22 psi. The isotropic consolidation stresses
were, for the majority of the samples 30, 60 or 90 psi respectively.
The duration of each of the stress increments during the shear
phase of all tests was approximately the same (5 increments per
day) and their magnitudes proportional to the maximum isotropic
stress used during sample preparation.

5.4 The relationship between peak stresses and change in voids
ratio of specimens sheared from the isotropic stress state

In this section the peak stresses observed in 43 tests
with widely differing stress paths will be presented and discussed.
Each of these tests took 25 to 30 days to complete. In all the
author carried out about 100 tests of this duration but in the
other 57 was interested in the stress-strain behaviour prior to
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failure as discussed in Chapters 4, 6 and 7. All the specimens
of the 43 tests discussed in ithe present section were one-
dimensionally consolidated to 22 psi, 25 were then isotropically
consolidated to 90 psi, 4 to 30 psi, 9 to 60 psi, and the five
remaining tests at miscellaneous cell pressures. Four of the
tésts on samples isotropically consclidated to 60 psi were exten-
gsion tests which include and undrained test and tests with
constant values of (%%) =a), 3 and 1.5 respectively. All the
other tests were compression tests, details of which will be given
a8 each test is discussed in the subsections below.

The tests in the remaining subsections of this section 5.4,
are divided for convenience into the following four types:-

Type 1 Tests on samples normally consgolidated to an iso-
trppic preconsolidation pressure of po'and subsequently sheared
under stress paths in which P<P,s and for compression tests
=qg=20 for q>o0. The full range of the paths of this type are
illustrated in Fig.5.2 in which point A represents the samples
alfter normal ceonsolidation under the lsotropic pressure Py
The path AP corresponds to constant effective pressure test with
P =P throughout. The path AU represents an undrained test.
The path AK corresponde to isotropic swelling and is shown as a
curve based on the experimental evidence of the author and Loudon
(1967). The region between paths AU and AK is generally only
investigated in the laboratory by carrying out tests on heavily
overconsolidated samples following paths of the type AKJ cor ABC.
Howeve;fzt is important in all practical problems involving
reduction of p (say by excavation) paths of the type AE are
investigated. Fortunately for most practical problems on
normally consolidated clay the voids ratio of the soil will be
decreasing as represented by the path AG.

Type 2 This type of test is identical to Type 1 except
that p}':po and ADp=0. As shown in FPig.5.3, the point A
corresponds {as in Fig.5.2) to samples after normal consolidation
under the isotropic pressure Pye The path AP again corresponds
to a constant p test. The path AD represents a conventional
fully drained test (with constant cell pressure so that d*hp: 3)
usually carried out in the laboratory. The path AQ corresponds
to a test in which both the deviator stress and the cell pressure
are increased. Tt is apparent that for stress paths lying
between the line AH (parallel to the critical state line) and the
p axis in Fig.5.3(a)}, it is not possible for a specimen to reach
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1 and Ql correspond to the

i with the same value

the critical state. The polints D
states on the normal congolidation line NN
of p as those of D and Q respectively. gince the critical state
line XX'is assumed 1o be parallel to the line NNi the change 1in
voids ratio corresponding to state D from that of A, alcong the
path AD can be considered to be due to the isotropic conscli-

dation phase ADl and the constant p shear phase DlD.

Type 3 In this type of test, as shown in Fig.5.4(a), after
initial consolidation under isotropic stress P, to point A,
the gamples were subjected to the condition A p<g o during tie
initial phase of shear and then to the condition Ap >0, such
that the specimens finally failed with P>P,e At the point of
reversal of aAp the samples were in a lightly overconsolidated
state as shown in Fig.5.4(b). In a sénse these semples were
initially of Type 1 and then when p becoﬁes greater than p_,
they reverted to Type 2 tests,

Type 4 In this type of test the samples were initially
sheaped with P>P, corresponding to Type 2 tests as represented
by AW in Fig.b5.5. Subseqguently and prior to failure the value
of pf@s reduced, while the deviator stresses were continuously
increased (path WY) until the peak stresses were reached at Y.
During the second phase it will be shown that the samples only
behave as in Type 1 tests provided the relevant value of P,
for stage WY is taken to be,Pé as shown in #ig.5.o5.

Note:; For the extension tests the deviator gtresses are negative

and hence & gq<0o for all values of g.

Bedal The results of all compression triaxial tests from

samples iscotropically consolidated to 90 psi

The conditions at peak deviator stress observed in all the
types 1, 2 and 3 tests that were carried out on samples initially
isotropically consolidated to 90 psi are shown in Figs.5.6 to
5.8 inclusive. The imposed stress paths are shown in Fig.5.6
and are also given in greater detail in the tables AZ.l, AZ.Z2
and A2.3 in Appendix 2 for tests of Type 1, Type 2 and Type 3
respectively. The overall change in voids ratio 43ef throughout
each test, as measured from point A, are plotted against the
value of < at failure in Fig.5.7. FPailure is def'ined as the
attainment of the maximum observed deviator stress Ape It can
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be seen that the peak stress points for all three types of tests
lie on a unique curve. A similar unique curve for peak stress
conditions of all the tests is obtained when Aéf ig plotted
againset Qps 88 shown in Fig.5.8. The upper dotted line LPX
in Fig.5.6 is obtained directly from the smooth curves drawn
through the experimental data in Figs.b.7 and 5.8. It is
evident in Fig.5.6 that for all stress paths of Types 2 and 3
that the peak stresses lie on a line PX which is remarkably close
to the line 0X of slope 0.7, which passes through the origin.
It will be shown later that the line 0OX can be taken to be the
critical state 1ine. In contrast to this, the peak points
for all tests of Type 1 lie above this line 0OX, In fact they
approximate closely t6 a state line of slope 0.6 as represented
by PL in Fig.5.6. This line PL, appears to be similar to a
constant voids ratio section of the Hvorslev surface corresponding
t0 a maximum precocnsolidation pressure of Po* Itris in faect
different since the voids ratios of the specimens are different
for all values of the peak stresses along the line PL.

In his original work, Hvorslev expressed the equation of

his surface by

T !
C. = Mo Sy + X exp(-B es) 5.1

where\}g,45 and B are fundamental soil constants Zf” <5£ and

e, are the peak shear stress, mean normal stress and voids ratio

rgspectively in the plane of failure at the moment of failure.
Roscoe, Schofield and Wroth's representation of Hvorslev's
surface in (p,q,e) space is CDEF in Fig.1.3. The section of
this surface by a constant €p plane is given by UL 1in Fig.5.9;
it can be expressed as '

A = -}Lpf + C 5.2

-C

where & = 2 exp(-ﬁé)

and 23 is a constant. .

. - " 5% _r

i.e. Qp = M Pp+ B exp(- A ) 5.3

The projection of the author's failure surface PL in the (q,Dp)
plane shown in Fig.5.10 can be expressed as

Ca(1- b
qp = Mpp + e(1- = ) 5.4

where M is the slope of the critical state line 0X, c is the
magnitude of the apparent cohesion OL and m is the ratio of the
maximun consolidation pressure P, to the peak stress Ppe

i.e. 7= Po 5.5




BEquation 5.4 can also be expressedass
e
~- T A
Qp = Mp, + -351 {exp( ;\—)} (1 - R ) , 5.6

The peak stress envelope for Type 1 tests corresponding to the
line PL in Fig.5.6, 5.7 and 5.8 is replotted in a (Aef, dn(n-1))
space in Fig.5.11. Tt is evident that the relationship between

Ae, and Jn(n-1) is linear in the range 1.2< D s9.

f
In this range the relationship may be expressed as

ey =By = By Qn(n-1) 5.7
where, as will be shown later, B1 and B2 are fundamental soil
nstants.
constants ~ ~e - B,
Therefore T - 1 = exp ( 8a )
- A€y _ B \
ie.  T=1+exp (—p—)
and therefore (1 - é-) = exp (2%~ 8)
By
1 + exp (©%-8)
Bg

Therefore equation 5.6 can be expressed as

. exp(es - Bl) !

. T i
QG = Mpy + By (exn( 57)) Sg 5.8 -
1 + exp (Q°r ~ Bl) i
B2 :

4aep - By
for 1.2<1 + exp ( ) = 9.
BB !

For the Type 1 tests, the failure strength dp as given by equation
5.8, is found to be dependent on the critical state parameter M |
giving the frictional component, together with a cohesion compo-

nent dependent on €p and.ésef. !

It will be ihteresting at this stage to replot the unigue
relationships shown in Figs.5.7 and 5.8 on semi-logarithmic scale.
Figs.5.12 and 5.13 represent the relationships in the (zﬁef,log pf)
and (zsef,
the isotroplc consolidation line passing through A(=90 Pu).

log qf) spaces respectively. In Pig.b.12 NN' represents

XX' represents a line parallel to the isotropic consolidation

line and displaced along the P, axis through A by a distance AP
equivalent to the peak change in voids ratio zkef in a constant
js) test;;_ The line LPX represents the unique curve from Fig.b5.7.
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AT is drawn asymptotic to the curve PL. It i1s observed that
for pressures higher than 90 psi, the curve LPX coincides
approximately with the line xx'. Also Tor preésures lower
than 20 psi the curve LPX is coincident with the asymptotic AR.
Hence from Pigs.5.6 and 5.12 it can be concluded that for
pressures higher than the maximum preconsolidation pressure,
the unigue curve LPX coincides with the critical state line as
defined by Roscoe, Schofield and Thurairajah (1963), For
pressures lower than the maximum preconsolidation pressure the
slope of the curve LPX changes smoothly from a value of A = 0.26
to the slope of the line AE which is approximately 0.07 and is
distinetly higher than any value of k recorded by any worker at
Cambridge (for whom the range is 0.02 to 0.06).

In Fig.5.13 the curve LPX corresponds to the unique curve
in Fig.5.8. The line XX! is of the same slope 9 (= 0.26) as that
of the isotropic consolidation line in an (e, log p) plot. The
line EEL has a slope of 0.09. Therefore the results in Ihe
Césef, log qf) plot also indicate that for pressures higher than
the initial maximum consclidation pressure P, the curve LPX is
of slope A . _

It is therefore concluded that for pressures higher than
the maximum consolidation pressure the behaviour of the specimens
is in close agreement with the assumptions made by Roscoe,
Schof'ield and Thurairajah that the "eritical state line is
parallel to the virgin compression line". However for pressures
lower than this maximum the peak stress envelope deviates from
the critical state line and will be discussed in the next section.

5.4.,2 The peak stress envelope LPX and its relationship to

the isotropic conseclidation line

The following assumptions are made in the derivation of the
function that describes the peak stress envelope in the
(zkef, log pf) plot, presented in Fig.5.12; (i) the pe?k"stress
envelope is smooth and continuous snd (ii) the tangent T T
to the envelope at any arbitrary point T can be expressed in the
form

-Ae* = - V% (log Pry 5.9
Po

PN €r

where A e¥ ig the magnitude of the intercept AT  made by the

tangent with the ordinate AP in Fig.5.12 as measured from A and
2\* 1s the slope of the tangent T . Figs.5.14(a) and (b)

illustrate the variations of 9% and «e* with (Pr ).
pO
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For O<® < 0.85 «e* =o0and H* =0
: B
and therefore equation 5.9 becomes

Pp .
Aep = - B log (—-p ) 5,10
0

Pg
for 0.20 £ == = 0,7

P
. f
Aex = B, - B log (== where
37 "4 5.)

B5 and B4rare soil constants

and Q¥ = A(i—z)

and therefoere equation 5.9 becomes

~ P b
-5 = - [AIx _f
A e BS = ( + B4 log (P ) 5,11

PO O

¢}
el
Il

G\ ( a constant which depends on D -K)

and Dt* A (pf)

pmax

and therefore eguation 5.9 becomes

b P
ANe, - § =- A (Ei) (log (p—f)) 5.12
)
Since hn“= ©
p -]
For —L = 1 AeE = Gg (constant)
o _

and AF = )\
and therefore equation 5.9 becomes

D
£
ep - & = - A log (5-;) 5,13




5.5 The peak points of specimens sheared after initial

consolidation under isotropic stregses of (i) 60 psi
¥

{ii) B0 psi and (iii) miscellaneous pressures respectively

(i) 60 psi

The results of five compression and Tour extension triaxial
tests after isotropic consolidation under 60 psi are presented
in Figs.5.15, 5.16 and 5.17 in a manner similar tc those already
presented in PFigs.5.6, 5.7 and 5.8 respectively for sémples
sheared from 90 psi. The data for these tests with point A
corresponding to 60 ﬁsi %;egiven in Table AB.4 in Appendix 2.

Tn these diagrams the crosses represent the peak conditions in
the extension tests while the circles refer to the compression
tests. Furthermore the curves and lings plotted are not the
mean through the experimental points but have been scaled
directly from Figs.5.6, 5.7 and 5.8 in the ratio of 60 to 90
(i.e. the ratio of the initial isotropic stresses for each

for a given change of voids ratio z;ef). It is evident that
the results of tests for samples prepared at 60 psi, are geo-
metrically identical to those obtained from samples prepared

at 90 psi.
(1i) 30 psi §

The corresponding data for four compressicn tests on samples

initially consolidated to 30 psi are presented in Figs.5.18,
5.19 and 5.20 and the data are presented in Table AZ2.5 in
Appendix 2. As before, the lines and curves have been scaled Ef
directly from Figs.5.6, 5.7 and 5.8 respectively, except for :
the line OX in Fig.5.18. This line OX has slope of 0.8 R
compared to slopes of OX in all previous diagrams. These higher |
values may have been caused by the effects of any anisotropy
developed during the 1-D consolidation to 22 psi not having

been eliminated during the subsequent isotropic consolidation

to 30 psi. In all other respects the agreement with the previous
data presented in this subsection is entirely satisfactory.

(iii) Miscellaneous pressures

Time was only available to complete five tests, on sampless
which had been initially consolidated under isotropic stresses
other than 30, 60 or 90 psi. The imposed stress paths are
ghown in Fig.5.21 and the change in voids ratio Aep are plotted
against hv% and %ﬂ$ in Pigs.5.22 and 5.23 respectively. The

o (-]



data for these tests are given in Table A2.6 in Appendix 2.
As before the curves and lines in these diagrama are not the
mean through the experimental data, but are scaled from Figs.
5.6, b.7 and 5.8 respectively. Again there is satisfactory
agreement.

Uy

45) space

5.6 The unigue peak stress curves in (Ae,, ﬁ$,,

The peak conditions for all the tests discussed in sections
5.4 and 5.5 are collected togethef and presented in Figs.b.24,
5.25 and 5.26 1in the ( %ﬁhi, hﬁh)’ (z&ef” Rn&%ﬁ)) and (Asef, &h(ﬁvgy)
plots respectively. It will be notieed that the point lettered
Z in each of these plots refers to a Type 4 test which is con-
sidered in section 5.7. It is evident that for all cases where
( %q,);al, the peak conditions colncide:with the critical state,
as r;presented by the gzgggwline portions PX of the curves ILPX.
Hence if ( %%;);;1 the relevant eguations are

1o

ap = ¥ pp 5.14

and e, - GqQ = A log ( EE ) 5.13 bis
O

where Cﬁ is a fundamental soil constant representing the magni-
£ in a constant p test, i.e. the distance measured
parallel to the e-axis between the normally consclidated line
NN'  and the critical state line XX in an (ef, h/h,) or

(ef, Jh(ﬁi)) plot. On the other hand when ﬁg<14 the peak

conditions coincide with the unique curve LP, for which the

tude of A €

relevant equations have already been derived namely equations
b.5, 5.7 and 5.8

i = B 5.5 bis
L=y
Aep - Byo= B, dn(m - 1) 5.7 bis

B2
q-f i+ exb(ﬁf&.ﬁ)

The unique curve LPX shown in Fig.5.24 to 5.26, is represen-
ted in 3-D (p,q,e) space in Pig.5.27, where the actual curve
XPL corregponds to a Po of 90 psi. As P, varies, so do the
positions of A,P and L; e.g. they may become A', P and L'
respectively. In Fig.5.287 the curves AP and A'P' correspond
to the state paths followed in constant p tests.

When it is recalled that the Hvorslev equation (see equation
5.3) represents a constant e section of the state boundary
surface ¢ ¢'xX'X in Fig.5.27 and since the Author's equation 5.8

5.8 bis

- @
Mpe + B (exp(T )
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reduces to Hvorslev's eguation when zSef = 0, then it is apparent
that the curves PL (and P'L )lie on the Hvorslev state boundary

4
surface.

H.7 The peak points of specimens in Type 4 tests

5.7.1 The peak stress point for specimens subjected to

volumetric yielding during the shear phase in which
AP <0 '

A typical stress path imposed in a Type 4 test is shown in
Fig.b.5 and is described in detail in section 5.4. In this
type of test, the mean normal stress p 1s increased for the
initial phase of shear (path AW) and is decreased for the subse-
quent shear phase (path @Y). The Author has carried out only
one such test (Test le). The path ABCD followed by this
specimen T,, is shown in the (q,p), («ae, log p) and (e, log q)
spaces in Figs.5.27(a) to (e). The ceritiecal state line PX and
the Hvorslev envelopes LP and L'P' corresponding to isotropic
stresses of A(po = 90) and A" (po = 117.8 psi) are also shown
in these figures. It is observed that the peak point D of the

specimen lies closer to the envelope L‘PI than to the enve-

T
lope LP. 1%t is therefore concluded that the peak point of
specimen subjected to stress path of Type 4 (where < p >0 for
the initial phase and <p< o for the final phase) the peal peint
lies on the Hvorslev envelope corresponding to an isotropic
stress P, equivalent t¢ the maximum p ever experienced by the
specimen, provided that the specimen had undergone volumetric
yielding during the phase in which £Ap was less than zero.

The peak point of the specimen T o has already been plotted
in Pigs.b.28 and 5.26 in the (th, %@). (Dep, th) and
(dsef” qﬁwn) spaces respectively. For this specimen Py and,zxef
are taken to be the isotropic stress corresponding to Ay and

the ordinate A'C', respectively in Fig.5.27(b).

5.7.2 The peak points of specimens subjected to stress paths

(i) that cause elastic volumetric changeg and (ii) cycles

of deviator stress

Figs.5.28(a) to (d4) illustrate the stress paths followed by
four specimens Tl?’ BR, BO and BS. These speclimens were sub-
jected to stress cycles, in which both the deviator stress and
the mean normal stress have been considerably reduced, The
peak points of these four specimens are shown in Figs.5.29, 5,30
and 5.31 in relation to the speak stress envelope LPX originally



shown in Figs.5.24, 5.2b and 5.26. It can be seen that the

peak points for all specimens lie approximately on the projection
o' the Hvorslev envelope LP in the stress plane[of Fig.5.29.
However, the peak points are found to deviate from the envelope

IP in Fige.5.30 and 5.31 which entail the parameter zkef. At
present the Author has not sufficient information to explain these
apparent deviations observed in the pesk stress points of the
samples subjected to stress cycles. Perhaps the envelope LB

in Figs.b.30 and 5.31 is not unique. It is suggested for speci-
meng which have been subjected to a previous stress ratic of qJ
(as represented by B in Fig.5.30) with increasing deviator stress,
and subsequently failed along stress paths which only cause
elastic volumetric changes, that the corresponding Hvorslev
enveiope may he of the form L'P in Fig.b.30. The line L P

is of the same,slope as the asymptotic AL and passes through B.
The limiting positions of the envelope L'P’ being LP" and L' P
corresponding to (‘331,)p being zero and (Asef)p respectively. |
Using the unique envelope for q*Hg anﬁ.Eﬂ% given by LP in
Fig.5.29 and the corresponding projection L'?' in Fig.5.30 relating

e, and E/h: it is possible to obtain the projection in the

T
(ggef,ciy}) space as represented by L'PF' in Fig.5.31. The

o 1
apparent shift (zleq’)P in Fig.b.31 of the envelope P'L is only
a function of the plastic volumetric strain experienced by a

gpecimen in a constant p test and therefore

(Ae.L )p = f("L) 5.15

- 5,8 Coneclusion on the data of peak stress conditions

Experimental observations have been provided in this Chapter
to illustrate that the peak stress conditions coincide with the

conventional critical state condition for values of h7}0> 1.
However for values of PJF/|,ﬂ-<:1, the peak stress points are found
to 1lie on a Ivorslev type curve in the (%y%;th) gpace., This |
curve has a unique projection in the (&eg, 4%) and (z&ef”tmﬁﬁ)

for all specimens which undergo volumetric yielding during the

ghear phase in which Ap<«<o. For specimens which experience

only elastic volumetric change, from states with stress ratlo r'L>o,

it appears that a series of parallel curves (starting from the
original unique curve) exist in the (zsefu hﬂ%) and. (zsef,qﬁ$o)
spaces. Further experimental work is needed before a proper
interpretation can be made of these parallel curves.

The Author's main conclusions concerning the unigue critical
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state line and the unique Hvorslev peak sgtress curve have only

been shown to be valid for the conditions of the conventional
triaxial (axi-symmetric) type of test. In this system the
intermediate principal stress is always equal to the major or

minor principal stress and the principal axes of stress and strain
are always coincident. These restrictions limit the general
investigation of failure criteria for soilis. Hambly and Roscoe
(1969) have shown that under plane strain conditions the value

of the intermediate stress d! is always K( 6'+ &5 ) where ¥

is a constant, Hence the main conclusions of the Author are likely
to be applicable for plane strain conditions. Before these
concepts can be extended to generalised 3~-D stress systems an
extensive series of tests must be carried out in a truly triaxial
test apparatus in which each of the three principal stresses, or
strains, can be varied independently. BSuch an apparatus 1s now
being developed at Cambridge.




N L4
THE THEORY OF PLASTICITY APPLIED TQ THE

DEFORMATIQON OF CLAYS

6.1 General Introduction

A considerable amount of theoretical knowledge on the
stress-strain properties of plastically deforming materials
has been developed in the last 30 years. The lack of experi-
mental data on the mechanical properties of scils has limited
the possibility of assessing the application of these theories
for the mathematical description of their stress-strain behaviocur.
However with the experimental evidence, available attemptis have
been made by various research workers to develop stress-strain
theories for cohesive and cohesionless soils. The aim of this
chapter is to study experimentally the mechanical behaviour of
s-aturated remoulded Kaolin and to investigate how far its
stress-gtrain behaviour may be explained by the concepts of
plasticity. Four ¢f the basic conhcepts in the theory of plas-
ticity, as developed for materials such as metals, will now be

discussed,

(1) The concept of a yield surface

For elasto-plastic materials the strains due to any incre-
ment of stress are often divided into two components; (i) elastic
and (1i) plastic. A yield surface is defined in stress space
ag one which separates the regions of stress for which the strains
are elastic from those for which the strains include a plastic
component., For conditions of stress inside the yield surface
an infinitesimal increment of stress can cause only elastic
deformation, If the stress conditions correspond to a point
on the yield surface and if the material is stable (as defined
by Drucker (1959)) an infinitesimal increment of stress directed
cutside the yield surface produces only plastic strains for a
perfectly plastic material and additional elastic strains if the
material work hardens. An infinitesimal increment imposed
inside the yield surface can only cause elastic deformation.

Any work hardening effect due to plastic deformation can be
accounted for by considering that the yield surface shifts or
changes in shape. The possible shape of yield surface for
Kaolin will be studied in section 6.2.1.




(ii) The strain hardening law

The strain hardening law is a relationship between the

position of the yield surface in the stress space and the plastic
strains experienced by the material in arriving at the specific
stress point under consgideration., Such a relationship for
Kaolin will be investigated in section 6.2.2.

(iii) The flow_rule -

The flow rule provides a relationship between the strain
rate vector during plastic deformation and the imposed stress _
vector, For incrementsg of plastic deformation to occur the |
stress point should lie on the yield surface and the stress w
increment be directed outside thilis surface. If normallty f
(Drucker (1959)) holds then the plastic ‘etrain rate vector at |
that point is normal to the yield surface. At any point on a '
smooth part of the yield surface the directlon of the plastic
strain rate vector 1s independent of the direction of the stress
increment. However if the stress point is at a corner of the
yield surface, the plastic strain rate vector can lie anywhere
between the outward normals at points immediately adjacent to
the corner. A flow rule can also be derived independently
without any appeal to concepts such as normality, by equating
the energy supplled to the energy stored and alsc dissipated
in the material during plastic deformation (Roscoe, Schofield
and Thurairajah (1963a p.219)). An experimental investigation
of the direction of the strain rate vector at various levels of
stress ratio is given in section 6.3.

(iv) The principal axes of stress, stress increment and strain

increment

In the theory of plasticity it is often assumed that the
principal axes of stress and strain increment coincide. An
experimental investigation of this assumption can only be carried
out in an apparatus in which tlhe principal axes of stress and
strain increment can be rotated and their directions recorded
independently. At present the simple shear apparatus is the
only apparatus in which the principal axes of stress and strain
increment can be rotated while malntaining a uniform distribution
of strain within the s0il specimen, A detailed investigation
carried out by Cole (1967) on Leighton Buzzard sand in this
apparatus showed that the principal axes of stress and sirain

increment did coincide, for all except the initial stages of a



test. See also Roscoe, Bassett and Cole (1967).

6.2 The predictions of the Cam-clay theory and the Modified
theory (Roscoe and Burland (1968))

In the Cam-clay theory of Roscoe and Schofield (1963) a
simple mathematical expression for the yield surface of "wet
clay" is derived using two basic concepts.

(i) the plastic strain rate vector at any point

on the yield locus is normal to the yleld locus.
P o

il.e. g%ch Z%)g 6.1

where the suffix y implies that the sample 1s

yielding. _

(ii) an energy balance where the external energy
supplied SE' , is equated to the sum of the
energy stored in the system 38U and the energy
dissipated during plastic deformation oW

i.e. (é,E')eer.: (<§u)s4 +(SW) | 6.2

Three features of equations 6.1 and 6.2 will now be considered.

(a) Stored energy per unit volume

Asguming that the energy stored in the system is only due
to elagtic volumetric sirain Roscoe, Schofield and Thurairajah
(1963), derived the following expression for the stored energy
per unit volume of the soil

[
(8V) iopeq = DS 6.3

where oL corresponds to the elastic volumetric strain incre-
ment caused by a stress increment ( Sq, 3p) from an initial stress

condition (a,p).

(b) The expression for energy dissipation

The Cam-clay theory assumes that energy is only dissipated
due to plastic shear distortion, Its magnitude due to an
increment of stress ( 3q, &p) applied at the stress condition
(a,p) is given by

(SW) = My seb 6.4(a)

disggipation

where M is defined as the slope of the critical state line in a
(q,p) plot and §QP is the plastic component of the incremental
shear strain. On the contrary the modified theory of Roscoe

and Burland (1968) assumes that energy can be dissipated both




due to plastic volumetric strains and plastic shear strains.

The corresponding expression is

(SW)

4

dissipation ~ t’ \[(8'\5?)2-‘- W?—(Se\,>a 6.4(b)

where §UP is the plastic component of the volumetric strain.
The Cam-clay theory and the modified theory only differ in their
expressions for energy dissipation.

deb
(c) The expression for ( /évk)

By assuming that the principal axes of stress and plastic
strain increment coincide the expression for energy dissipation

is
_ P
(%\N)dissipation - {DS—U,P"" CL € 6.5
From equations 6.4(a) and 6.5
EEEF = (-l_ 6.6(a) Cam-clay
dob V’T-\'L theory
and from equations 6.4(b) and 6.5
b 2 6.6(b) Hodified
3{2 = -.__PL___> theory
dwub M%_pLz.

(d) The equation for the yield locus based on the normality and
the enerpgy concepis

From equations 6.6(a) and 6.1

é!a) - —_ 6.7(a) Cam-clay
O\U\z y (M“'L) theory
Prom equations 6.6(b) and 6.1
_ & 6.7(b) Modified
(ih> = 'Tq-a—yb; theory
Y 2

Equations 6.7(a) and 6.,7(b) are the differential equations of
the yle1d locus based on the Cam-clay theory and the modified
theory respectively. Integrating equations 6.7(a) and (b) and
substituting the condition p = p, when q}: 0, the equations '
for the yield locus become

theory
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Fig.6.,1 illustrates the yield loci based on equations 6.8(a)
and (b) for three different values of Poe It Pas to be noted
that the expression for the yield locus contains only one
material constant i.e.M which is taken to be 0.9 for Kaolin
for reasons which are discussed later,

65.,2.1 The experimental investigation of the form of the

vield locus

In this investigation specimens of Kaolin were taken to
five different positions in the (q,p) stress plane and were
then sheared in a triaxial (axi-symmetric) apparatus along the
gtress paths indicated in Figs.6.2(2) to (e).

(i) The application of stress c¢ycles on specimen CD

In Fig.6.2(a), the specimen CD was isotropically consoli-
dated to the stress point A and was then sub jected to the stress
cycles ABjA, ABA.....ABjA.  The undrained stress path through
A is represented by the dashed line. The stress cycles ABlA,
ABQA, ABSA, AB4A and AB5A lie inside the undrained stress path.
Indicated along each path is the net plastic volumetric strain
experienced by the specimen when reaching the stress state A
at the end of each cycle. It is noted that at the end of each
complete stress cycle the specimen has experienced plastie
volumetric strains of 0.4, 0.34, 0.34, 2 and 0.45 p.c. respec-
tively; 1.e. for the five stress cycles imposed, the specimen
has suffered a total plastic volumetric compressive strain of
D453 p.C. The same specimen was then taken along the stress
paths AB6A and AB7A. These two stress paths lie outside the
undrained stress path through A. During the stress cycle AB6A,
the specimen experienced a plastic volumetric strain of 0.65 p.c.
Hence the total plastic volumetric strain at the end of the stress
cycle ABG
AB_,A, the plastic volumetric strain experienced by the specimen

7
is seen to be 0.7 p.c. bringing the total strain to 4.89 p.c.

A ls 4.19 p.c. During the constant p stress cycle

However, a specimen at the end of isotropic conscolidation when
sheared from A to B7 along a constant p stress path would have
undergone a plastic volumetric strain of 4.6 p.c. (as measured

in the constant p test AO). From the experimental observations
of tests CD and A0 it is evident that (i) the plastic volumetric
strain experienced by the specimen CD in reaching the stress state
B%Z, along the stress path ABlABg......B6A37 is approximately the
same as that experienced by the specimen AO along the direct

stress path AB, and (ii) in test CD the majority of the plastic
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volumetric strain i.e. 3.53 p.c. out of 4.89 p.c. occured for
the stress cycles which lie ingside the undrained stress path
(shown dotted). ‘

(ii) The application of stress cycles on the heavily over-

consolidated specimen T19

In this investigation speclmen Tlg wag isotropically con-
solidated to 90 psi as represented by the point A in Fig.6.2(b).
Subseguently it was allowed to swell back isotropically to 8 psi
as represented by the point B so that it was heavily over-
consolidated (degree of overconsolidation A = 11.2); The
B, BC_,B and BC

1 2 3
specimen, The incremental plastic volumetric strain experienced

stress cycles BC B were then imposed on the

by the specimen during the completion of each stress cycle 1s
indicated along each stress path. It Ean be seen that the
specimen has experienced large plastic volumetric strains for
each of the stress cycles BGlB, Bch and BCSB. These results
indicate that heavily overconsdlidated specimens, having a
maximum preconsolidation pressure (A}, undergo large plastic
volumetric strains when sheared along stress paths lying below
the state boundary surface. At the end of the stress cycle
B05
point A. At this stage it can be seen that the specimen had

B, the specimen was reconsolidated 1lsotropically to the stress

suffered a total plastic volumetric strain of 5 p.c. At the

end of the stiress cycle ABC BCEBCSBA the specimen T19 was sheared

1
along the sgtress path AD. The volumetric strain experienced

by the specimen when sheared along this path was 2.3 p.c. giving
g total of 7.3 p.c. for all paths. In test T9

volumetric strain when the specimen was sheared directly from

the corresponding

the isotropic state i.e, from A to D, was 4.4 p.c. It is evident
that the volumetric strain experienced by the specimen T9 when
sheared from A to D is considerably higher than the volumetric
strain experienced along the same path by the specimen T19’ which
had been previously subjected to the stress cycles. The total
volumetric strain_of specimen T19 at the stress state D was

Tad DaCe This specimen had been subjected to a stress ratio of
0.66 (corresponding to 02) during the cycle BC,B which is higher
than that corresponding to point D. Hence 1t is suggested that
the volumetric strain experienced by the specimen T19 would only
be identical to that of T9, when the stress ratio of both speci-

mens corresponddds to 0.66 along the stress path AD.
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(iii) The application of stress cycles on specimens CR and CF

which have previously been subjected to shear
-

It was shown in the previous section that it is possible for

specimens sheared from the normally, or overconsolidated, states
along stress paths lying inside the state boundary surface to
experience plastic volumetric strains. It would therefore be
interesting to see if there are any particular stress regions

in the (q,p) plane in which the application of stress cycles do
not cause any plastic volumetric strains as assumed in the
theories discussed above.

In Fig.6.2{(c) the sample CR was isotropically consoclidated
to A (90 psi) and was then sheared to B ( n = 0.,7) along the
stress path AB. From B, the sample was subjected to stress
cycles BClB, BCEB and BAB. The incremental plastic volumetric
strain experienced by the specimen during each stress cycle is
indicated along the stress path for that cycle. It is evident
that the specimen has experienced a conslderable amount of plastic
volumetric strain for each of these three stress cycles. In
Fig.6.2(d) the sample CF was sheared from the isotropic stress
state A (p = 90 psi) to B (4, = 0.85, p = 90 psi) along a con-
stant p stress path. The specimen was then sheared to C
(M = 0.25, p = 160 psi) along the stress path BC (with
constant diﬁiF). The sample CF was then subjected tg/stress
Cy CD,Cy CD,CueuseseCD.C. The incrementdl plastic

1 2 3 6
volumetric strain suffered by the specimen during each cycle of

cycles CD

stress is indicated along the stress path for that cycle. It

is again apparent that plastic volumetric strains of appreciable
magnitude have been experienced by the specimen for all the six
stress cyeles, The tests described in this, and the previous,
section have stress paths below the state boundary surface
covering all reglons e€xcept that represented byDJIC:DLL in Pig.6.2(e).
This narrow region will now be investigated by applying stress

cycles on specimen T16'

(iv) The application of stress cycles on specimen T16

In Fig.6.2{e) a sample T, was isotropically consolidated
to the stress state A (p = 90 psi) and was sheared to B ( h = 0.33,
p = 90 psi) along a constant p stress path. From B the specimen
was sheared to C (¥ = 0.66, p = 60 psi) along a constant volume
stress path. The sample was then subjected to stress cycles
Cch, CDQC, GDSC and GD4C. The incremental plastic volumetric
strain experienced by the specimen during each stress cycle 1s
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indicated along each stress path. These strains, in relation

to those that occurred along other stress cycle, paths are small,
10, CDZG, CDSG and CD4C,
the magnitude of the plastic volumetric strain increments during

indicating that for the stress cycles CD

each cycle can be assumed to be zero.

The conclugion from the experiments performed on specimens CD,

210, CR, C and T

16

The above experimental results illustrate that the volumetric
strains during state paths beneath the state boundary surface are
only recoverable for stress cycles applied to a specimen in a
limited zone (chD4 in Pig.6.2(e)) in the (g,p) plane. Outside
this narrow zone, the application of stress cycles on samples

of Kaolin cause irrecoverable volumetric strains. The precise
nature of the boundaries of this zone requires further investi-
gation. J'According to the Cam-clay theory and its modification
the regions in which plastic volumetric strains cannot take place
are much wider than the limited zone indicated in Fig.6.2(e),
indicating that the yield surfaces predicted by the above theories
are possibly oversimplifications. As stated by Palmer (1965)
yield surfaces in practice are neceassarily a matter of the
definition of yield. If yielding is defined by a strain of a
given magnitudé then the nature and form of the yield surface
will differ depending on this magnitude. However the magnitudes
of the plastic-volumetric gtrains observed in the experiments
cited above are too large to be neglected. These deviations
require further theoretical and experimental investigation.

6.2.2 The prediction of strains from the Cam-clay theory and
the Modified theory '

As discussed at the beginning of this chapter the strain
hardening law is a relationship between the position of the yield
surface in stress space and the plastic strains experienced by
the material in arriving at a specific stress point. In this
gsection expressions are derived for the total strains experienced
' by the specimen when sheared from the isotropic consolidation
state to any specific stress state, The following assumptions
are made in the Cam-clay theory and its modification:—

(1) During isotropic consolidation the voids ratio is

linearly related to the logarithm of the mean normal
stress. The slope of this line is denoted by (-2)

i.es e, -€, = - A log 18 6.9



where € corregponds to the voids ratio at unit
pressure. .
(ii) During isotropic swelling the voids ratio is linearly

related to the logarithm of mean normal stress. The

slope of this line is (-K)

- = — 2 -
i.e. e-e,=-k log (po) 6410

(iii) There exists a unique relation between e, g and p
Tfor all states of the specimen for which g and p
lie on the yield locus.
(iv) The shear strains are always irrecoverable.
(v) The scil is assumed to be stable in the sense that
the normality condition of Drucker (1959) is applicable.

i.e. (‘4‘1/4(,) = - SUVC{EP " G.11

(vi) The soil is assumed to be isotropic.
(vii) The energy balance stated in section 6.2 is valid

(SE‘)ext = (‘SUJstored + (S\M) dissipated 6.2 bis

Consider a sample in its initial state (eo, po) gubjected to an
increment of isotropic stress SI%V then from equation 6.9

(S‘U),L:f (%QJ ( %’\?)L:a 6.12 i_\

and of this total volumetric strain a part is recoverable and is

given by equation 6.10

(S ),\_ = <\-io (‘SP" 6.13

Combining the relation k% W=°

(&%) ~(5“\’) +(3U) s 6.13(a)
r\’:

with equations 6.12 and 6.13

(Sv ?>*\F = A~ “) (%‘L}'L . 6.14 ‘

l+e,
From equation 6.8(a) the expression for the yield locus in the
Cam-clay theory is
T _ &ﬁ(ﬁ 6.8(a) bis
M b

Differentiating 6.8(a) and rearranging the terms,

% - i{}t[\_yﬁ(%_%i} 6.15
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The quantity (AR/R) is a measure of the shift of the yield locus

and hence for any infinitesimal increment of stress (dg, dp) from
the state (g,p,e) the increment in plastic volumetric strain is

A
dusb = ;_,_e> P 6.16

From equations 6,15 and 6.16

&,U\a: 9\|<>[ d,‘ Pj_k 6.17

A = ih l+e~j[+_|_(°l$ ‘t)]
i.e. Av= ”{;(%e)[(}:ﬁ%.)@i“yﬁ‘)”\f’] 6.18

Also

given by

Therefore

e _ (J__ o 6.6(a) bis.
Avb Y "LD
( 3[ dw tr,j)‘ﬂ?
l+e, H-n AP ¢
The corresponding expressions for the modified theory are
>Y—b— < ) VL—J 6.20

Therefore - 9\ i Y\_‘_l:_' (
\+Q M2

icer o (+e E__\z Q_A> N%m)o\,{l 21

From eguations 6.20 and 6.6(b)

_ {9 __\? _) 6.22
e = Vv e ( [ (M*W

The incremental stress- straln relationships given by eQuations
6.18, 6.19, 6.21 and 6.282 are only dependent on the three funda-
mental congstants M, CX and k.
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6.2,5 The prediction of the state boundary surface from the

Cam-clay theory and the Modified theonry

In the Cam-clay theory and the modified theory the eguations
for the state boundary surfaces are obtained by integrating
equations 6,18 and 6.21 with dv = o. After simplification the

corresponding equations are
log _Eg — {\=- X n 6.23(a) Cam=-clay
b B P “FT theory -
-3
2 A
(E) = (H Y > 6.253(b) iodified
b M2

theory
where p_ = exp Qeq-e)
2

The pore pressgure developed during constant volume tests is given
by

and

u:(kgo-l——éc"—l:) 6.24

Combining equations 6.24 and 6¢.23(a) or (b), it is now possible
to determine the pore pressure developed at any stage of an

undrained test.

6.2.4 The comparison of experimentally observed strains with

those predicted from the Cam-clay theory and its
Modification

The theoretical strains are computed using the expressions
derived in equations 6.18, 6.19, 6.21 and 6.22. The relevant
constants 9\, M and k are taken to be 0.26, 0.9 and 0,06
respectively (since these values were used by Roscoe and Burland
(1968)). The value of M of 0.9 stated by these authors was
¢cbtained from strain controlled tests. It is considerably
higher than the peak stress ratio (0.66 to 0.75) observed by
the author in his stress controlled triaxial tests. No data
Trom strain controlled tests is available for the batch of
Kaolin used by the author,.

The theoretically predicted strains are compared with those
observed during experiments on samples initially isotropically
consolidated to 30, 60 and 90 psi. Three different applied
stress paths are considered at each of these stressg levels.

They include (i) a constant volume stress path where dg> o0 and
dp< o, (ii) a constant p stress path where dg >o and dp = o,




(iii) a conventional fully drained test where Ai%&F= 3 and
dq > o, dp>o. ¢

(a) The behaviour of the specimens initially isotropically

consolidated to 30 psi

Figs.6.5 illustrate the volumetric and shear strains
predicted from the Cam-clay theory and its modification during
a constant volume test at an isotropic stress of &0 psi. The
thedretical strains are calculated for the experimentally
observed stress path. The Cam-clay theory predicts a volumetric
- gtrain of 1.3 p.c. a8t peak stress in this undrained test. The
modifled theory predicts a negative velumetric strain of the
same order. The ghear strain predicted by the Cam-clay theory
is in close agreement with those observed during the undrained
test. The modified thecry predicts much smaller shear strains
~even at peak stress.

Fig.6.4 for constant p test and Pig.6.5 for fully drained
tests indicate that (i) the Cam-clay theory overpredicts both
the volumetric and shear strains in both constant p and fully
drained tests, (ii) the modified theory also overpredicts the
volumetric strain in both types of test, (iii) the shear strains
predicted by the modified theory are in close agreement with the
experimental observations for constant p and fully drained tests.
These observations will be discussed further in section 6.3 in
the light of the incremental stress-strain theory proposed by
Roscoe and Poorooshasb (1963).

(b) The behaviour of specimens initially isotropically

consclidated to 60 psi

Figs.6.6, 6.7 and 6.8 indicate that the overall comparison
of the theoretical and experimental strain behaviour at 60 psi
is very nearly the same ag that at 30 psi, except that the modified
theory tends to underpredict the shear strains in constant p tests.
The volumetric strains predicted by the modified theory are in
close agreement with the experimental observations in both con-
stant p and fully drained tests.

(¢) The behaviour of specimeng initially isotropically
conseolidated to 90 psi

Figs.6.9, 6.10 and 6.11 illustrate that the overall comparison
of theoretical and experimental strain behaviour at 90 psi is
gsimilar to that at 30 and 50 psi.




From the data presented in paragraphs {a), (b) and (¢) it
is seen that (i) the Cam-clay theory overpredicdts the volumetric
and shear strains in all types of drained tests, (ii) the modi-
fied theory underpredicts the shear strain in all types of tests,
especially in the undrained and constant p tests, (iii) the
volumetric strains predicted by the modified theory are in
agreement with the experimental observations. These observations
will be discussed in further detail in the subsequent sections.

6.5 The flow rule

As stated at the beginning of this chapter, the fiow rule
represents a relationship between the directions of the plastic
strain rate vector and the stress vectqy. In the case of an
"ideal plastie" material, at a smooth point on the yield surface
the plastic strain rate vector is independent of the direction
of the stress increment and is normal to the yield surface ‘
(Drucker 1959). Both the Cam-clay theory and the modified theory
assume that the plastic strain rate vector is normal to the yield
surface, The plastic strain rate vectors Jﬁwueras derived from
the energy balance equations of Roscoe, Schofield and Thurairajah
(1963) and Roscoe and Burland (1968) are given in equations 6.6(a)
and 6.6(b)} respectively. _

From equations 6.18, 6.19, 6.21 and 6.22 the total strain
rate vectors are given by

(—~ =
dp Ao
0‘_"’ =(L)(N..VD B ! 6.20 Cam-clay
Ade A=Kk _d_b 4 L ( _ .S.)AYL theory
™M A
and _ | P ]
. if an, d ~\

v [3— )(E'_TB R k 6.26 Hodified
cTé = A- Kk 2 _‘ﬂ_’ -k an, )J. . i

v\, b -t-( T)(Mivb’- n theory

CIf k = o then equations 6.25 and €.26 will reduce to

(!iﬂf — VX“VL G.27 Cam-clay
de K=za theory
and
(& 2 Wt
| d'\_e'> = MW 6.28 Hodified

Ken E3 theory



If X = 0, then for constant stress ratios, equations 6.25 and
6.26 reduce to

4

&ﬂ’ = ‘ja‘ - o am cla
R ) e g

(9‘1’ - (i.)( M yﬁ) 6.30 odified
dg n A-k 2n theory

6.%3.1 The FTlow rule based on the incremental stress—strain
theory of Roscoe and Poorooshasb (1963)

The incremental stress-—strain theofy of Roscoe and
Poorooshasb (1963) was presented in its original form in section
1.7.6. It will now be rewritten in slightly different form to
facilitate comparison with other Cambridge theoriles. The basgic

equation is

' de\ 4
(dé)drained = (ae)undrained+ du>q:v .51

If it is assumed that (i) For stress paths starting from a given
point on the state boundary surface, and provided the subsequent
stress paths lie throughout on the state boundary surface, then
}%ﬁh?ﬁﬁﬁﬁﬁﬁ%L¢ha$ VY is a unique function of YL and p. This
assumption is equivalent to presuming there is a unique state
boundary surface in (e,p,q) space. Expressed mathematically

this assumption is

- v o= F(“L’F) 6.32

and hence (ii) the shear strain in an undrained test is a
continuous and differentiable function of the stress ratio (YL),

1
1.6 ((_:) undrzined X‘ 'S'\ ("\,) ‘-‘L"]_ 6.83

o
and (iii) the slopes (%2 %l in the (v, &€ ) space of the aniso-
tropic consolidation test paths are only a function of the stress
ratio

€.34

i.e. ff)‘ff ga("],)

the equation 6.31 can therefore be expressed as

de = S g S (1) dFC0P) 6.55




Also from 6.32 dv = %\i 0\"]_ + oF CHD 6 .36
In the case of a constant p stress path the segond term in
equation 6.36 becomes zero and therefore &FﬂhLis given by the
slope of the (U,n ) relationship observed during a constant p
test. Similarly in the case of an anisotropic consolidation
stress path the first term in equetion 6.36 becomes zero and
AFVA? is given by the slope of the (V,p) relationship for the
value of YL’corresponding to the particular anisotropic consoli-

dation path under consideration. This slope is found to be

independent of N and is %éé
From equations 6.35 and 6.36 it can be seen that in general
( 2% gq+ a_u\,)
s _ 1 op 6.57

de
-&(q) c\vl-\- ga("D(av\ vl-\- aro\ )]

Bquation 6.37 provides the relevant expression for the ratio of
the total strain increments in terms of the functions f ('1),
fg(vx and F(Yt’p) and the differentials dq_and &F

: It will be seen in section 6.3 that equations 6.34, 6.35
and 6,36 are valid for any stress path, for which the stress
increment direction lies between the local undrained stress
path and the local "anisotropic consolidation path, The
functions fl(VL), fz(YL) and F(wl,p) are determined directly
from the experimental observations of 2 single undrained test
and a series of anisoiropic consolldation tests.

Since the above theory of Roscoe and Poorcoshagb gives
accurdte strain predictions (and é%e essentially based on
experimental observations) it willAbe cf interest to rearrange
the terms in the equations (for the prediction of strains) of
the Cambridge theory and the modified theory to obtain the
equivalents of fl(YL), fg('L) and F(Ys p). This will be
carried out in the following section.

6.3.2 The conditions under which the Cam-clay theory and its

modification will predict identical strains to those of

the stress-strain theory of Roscoe and Poorooshash

For the Cam-clay theory

I = (ﬁ) ié? + (?‘"‘ -\\'—q‘ JVL 6.18 bis

I+e
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i.e. dv = S: Ap + %‘; o!vL 6.38
where _B_.\"* - (i. A 6.39(a)
ab l+e / b
and F" ) (2—_&) 6.39(b)
' 'BVL ™M lte

from eguation 6,19

an

_ 4 Ak L T2 6.19 bi
de'"(J+e>‘Tq‘p l+e M (Hn) )
¥ *
ie. de = ¥‘(v\)o\v1+ ¥a(vl) O\F*('DD 6 .40
x
where SJ\UP = (%)ﬁ(#q}—&ﬁ 6.41(a) .

(’\;\k 6.41(b)

*
and S—a UIP =

(Note: From equation 6.39(b)} it is evident that the function
depends only on the fundamental scil constants :A s kK, i, and the
voids ratio @ ; it is independent of the stress ratio VL.)

From equations 6.39(b), 6.41(a) and (b) it can be shown that

*®
e = () S

These relationships will be discussed further after deriving the

corresponding relations for the Modified theory. Poliowing the

same procedure as that adopted for the Cam-clay theory and using

the superfix #*# for the expressions in the HModifled theory it can

be shown that

¥k
?F T _ ) ( 6.43
av\ l+e M

Sf:j’;“p = (9\;\K> (M?’—'—VLT 6.45



AR
= [ A X
g‘("‘\) = (H—e \"\+\rL > 6.46

) -** -K* el
i.e. Sy\(r\) = ga(v\)(i> (3} 1) 6.47

+e M+Vl
*x % ¥ %K
! A- ) e W5

Comparing equation 6.48 for the Modified theory with equation
.42 for the Cam-clay theory, it is observed that the two equations
are gimilar. Berore proceeding with a detalled discussion of
the relationghips derived above, the author will study the
equations 6.39(b) and 6.41{(b) of the Cam-clay theory and the
equations 6.43 and 6.45 of the Modified theory.

%
6.3.2(a) A relationship between 9F and § ”P

P)
In Appendix 3 it 1s shown thatw1

OF T (l_ -'%) <%é> 6.49
BVL A 2] &
L+ () Gl

which can be rearranged to give

—x% BF

AR

The function a is the slope of the (VY ,M ) characteristic of
a constant p test. The function fz**(VL) is the slope of the
anisotropic consolidation path in the (v, €) space. Hence

equation 6.50 indicates that there is a fundamental relation
existing between the slope of the anisotropic consolidation line
in the (U, €) space and the slope of the constant p test path
in the (1, W) space., Consequently in the calculation of the
shear strains caused by any imposed stress increment using the
incremental stress strain theory of Roscoe and Poorooshasb (1963),
it is possible to obtain the magnitude of (&”ﬂh)q from a single
constant p test. In other words it is not necessary Lo carry
out an anisotropic consolidation test to find this relationship.
In the stress-strain theory of Roscoe and Foorooshasb, the
function F can be obtained from results of one undrained test,
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provided the value of C\ is obtalned during the isotropic consoli-
dation phase of the sample preparation. The function F, repre-
senting the state boundary surface, 1s thereforé obtained from
experimental observations. On the other hand the functions F#
and F#%%* for the state boundary surfaces of the Cam-clay theory
and its modification come from the concept of normality and the
respective energy equations. Hence for either the Cam-clay
theory or the Modified theory to predict identical volumetric
strains to those of the stress-strain theory of Roscoe and
Poorooshasb (1963) it is clear that the conditions

P = P 6.561(a) Cam-clay
theory

P*x% = F . &.561(b) Modified
theory

should be satisTied.

A further condition will be required if the shear strains
as predicted from either of the two theories ére to be identical
to those obtained from the Roscoe and Poorcoshasb theory and
therefore to agree with those experimentally observed.

The general expression for the incremental shear strain in
the Roscoe and Poorooshasb theory is

de = f,0p dn —+ $.0p 4F 6.35 bis

Since the shear strains predicted from the Cam-clay, and the
Modified theory are to be made to agree with those of Roscoe and
Poorooshasbh theory for all imposed stress paths they must be
relevant for an undrained path, so that

g * * ¥ 5
oy = fop = S;‘(YP 6.52
and also for a constant \\ path so that |

©.03

gxa("\} = S}:(V\) = -g:(a:p

It has already been shown in equation 6.52, that identical
volumetric strains in all three theories can only be obtained if

P = P¥ = F**, hence the whole problem reduces to satisfying equations;
.61, 6.52 and 6.53. It should be recalled that fl(Y\) is the
experimentally observed value of the shear strain in an undrained

test, and it can be seen from eguations 6.42 and 6.48, that if



£5(N) = £,*%(n ) and F* = Fx* then £,%(1,) = £,%*(7 ).

The energy equations used in the Cam-clay theory and the
Modified theory determine the functions £ *( ¥ ) and fz**(m)
respectively, and also F* and F#** respectively. They therefore
also fix fl*(V\) and fl**( N) respectively. In the Roscoe and
Poorooshasb theory the function fl(VL), fg(VL) and F are independ-
dent, whereas the corresponding functions for either of the two
other theories are interrelated. Consequently if the energy
equation of either of these two theories does not predict F
correctly, then it will not predict fl(q.) or fB(VL) correctly.

6.3.2(b) The concept of an extra yield locus for shear

distortion without plastic volume change for wet clays,
proposed by Roscoe and Burland (1968) in their Modified

Theory

Constant voluwne shear tests performed by Loudon (1967) on

lightly and heavily overconsolidated Kaclin illustrated that con-
siderable irrecoverable shear strain was experienced by the speci-
mens during shear, even when the stress paths followed by these
specimens lay inside the conventional undrained stress path of
normally consolidated clay in a (p,q) space. For overconsoli=-
dation ratios in the range 1 to 2.2 Loudon found that the shear
gtrain &€ wag 2 unigue function of %{p and for overconsclidation
ratios greater than 2.2 the values of € at any specific ( {E
were dependent on the magnitude of 1“% and & the overconsolidation
ratio. Replotting the undrained test results of Loudon for
lightly overconsolidated days in a (p,q) plot, Roscoe and Burland
(1967) showed that for specimens of overconsoldation ratio 1 to
2.2 the contours of constant shear strain beneath the state

boundary surface coincide with the contours of constant g.

They further stated that for normally and lightly overconsolidated
clays the contours of constant g can be considered as a series of
yield loci. These "constant q yield loci" extend up to the con-
ventional yield loci used in the modified theory. Also, since

it is assumed that the specimen can only experience plastic
volumetric gtrains when its stress path is directed outslde the
yield locus assumed in the modified theory, Roscoe and Burland
named this yield locus the "volumetric yield locus". Thus for
strese increments directed outside the volumetric yield locus,

the stress point is assumed to move with the intersection of the
constant g vield locus and its corresponding voluemtric yield locus.



However for stress increments directed inside the volumetric
vield locus in a direction in which g is increaging the siress
'point‘is agssum=d to move through a seriesg of constant g yield
loci. Based on this new concept, Roscoe and Burland (1968)
proposed revised flow rules. A brief summary of these revised
flow rules which lead to what Roscoe and DBurland (1968) called
their "revised modified" theory, will be presented in 6.3.2(d).
In the remainder of this thesis it will be called the "revised"
theory.

6.3.2(c) The shear strain associated with the additional

(constant g) yileld locus used in the Revised-Modified
theory

In Fig.6.12, for any particular value of the deviator stress

q, let q/ be the magnitude of the stress ratio, at which the con-
stant g line meets the volumetric yield locus,

Then the contribution to the shear strain from the constant
q yield locus can be expressed as

& = Pp () 6.54

Differentiating equation 6.54

de = _aa_f_i:d‘,lqu‘(ﬂo\,l 6.55
where CP‘(VD _ %%

6.3.2{(d) The revised flow rules of Roscoe and Burland (1968)

The following relationships were used by Roscoe and Burland
(1967)‘for the determination of the incremental strains corres-
ponding to the stress increments applied to a specimen, with its
stregs state lying on a volumetric yield locus.

For gstress increments directed in the range
1) dﬂ/s.o and &P =D (Region ASB in Fig.6.12(a))

dv = (l_—:a> O‘V{a 6.56(a)

and de =o 6.56(‘0)

provided the stresses are not decreased more than half of their
previous maximum values.,
(11) chao and — O = jﬁ’; = S, (Region BSC in Fig.6.12(a))

where Sl is the slope of the volumetric yield locus in the (p,q)




plane in a direction in which g is decreasing

— 4 db
dv = ﬂ%) —{;L 6.57(a)

and de = o 6.57(b)

provided the stresses are not decreased more than half their
previous maximum values.
(1ii) O\t):?o and YL?—:E’ Z S, (Region CSD in Fig.6.12(a))

where S, 1s the slope of the volumetric yield locus in the (a,p)

plane in a direction in which ¢ is decreasing.

v= (2 F( z)(mw ‘ﬂ 6.58(a)
Al G o

and A€ = A s

(iv) oUP Zo and vk-_:; ?[% = 0 (Region DSE in Pig.6.12(a))

A H_e {’“h“" ~ )(M —J 6.,59(a)

and dg : [?::q \“l‘lrli—h &{}_‘_C‘D[WHVL 6.59(b)

(v) cU(A =0 and —~00 =< % < S, (Region ESF in Fig.6.12(a))
where S1 is the slope of the volumetric yield locus in (p,q) space
d 2n
(A —J3+(\—E>( 4 6.60(a)
dv = (l-re_)[ P A\ My 1
and OKQ E:;k ){—t Arl +c:t>|(?’0 o\\rl 6.60(b)

(vi) °\'\3< O  and 5, =< A%/dl; <0 (Region FSA in Fig.6.12(a))
where S? is the slope of the volumetric yield locus in the (p,q)

space

A 6.61(a)

l+e

and de — CPQL)"”L . 6,61(Db)
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The flow rules specified by Roscoe and Burland and stated in
sections (i-vi) fully describe the stress-strain behaviour for
all increments of stress. Comparing the above set of equations
with the incremental stress-strain theory of Roscoeoe and
Poorooshasb (1963) it is evident that for stress increments i
applied in the ranges (iv) and (v) (where the applied stress path
lies hetween the undrained stress path and the anisofropic eon-
solidation line in the (p,q) space} the revised theory will pre-
dict identical strains if and only if

5 ) = S\*(;) EYO 6.62

If condition 6.62 is satisfied then the revised theory may be put
in the form of the Roscoe and Poorocoshasb theory

%
i.e. dvs = SF d]’ 4+ é‘.:**o[ 6.69

3P Bv\ vl

and d.Q — [‘?1 [\’\? -1.(%3\(“)_‘10\1-—1— &:Tk\) AF** 6.64

Or stated otherwise the presence of the function <¥‘(n) in
equation 6.6 1leads to an expresgsion for aﬁj?;ep of the form

6 .65

_ oM

dQP B %€ *¥ H¥ %X

| e d‘m}w [s UETS awﬂ
" \

AN
oF

BRI
X;h\*e L—_&_ (;av\ ;)
KK

and *k ¥k 6.48 bi
Srl v = (}Tkﬁ—-kv —?a Q.D %EL is

¥rom eguation 6.6% it can be seen that when &ﬂ}>C): the plastic
strain rate vector Aﬁﬁ/&ek is now dependent, not only on the stress

6.50 Dbis

ratio 7 but also is dependent on the stress increment dq anol &P
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When d*l = ¢ the plastic strain rate vector is only dependent
on the stress ratio YL. The concept of normality and the
energy balance used by Roscoe and Burland proviaes a posalble
method of obtaining the function F#**, which satisfies equations
6,63, 6.50 and 6.48. Also the concept of the constant g yield
loci provides a method of determining (" ).

Experimental observations will now be provided to illustrate
that the function F#* andCP('l) can be used to predict strains
for all stress paths lying in between the undrained and anisotiro-
pic consolidation paths (regionS(W)amﬁEn Fig.6j2\(a)).

6.3.% The experimentally observed form of U= ("N,p) for

stress increments from an initial state ¢ , P .

In Fig.6,.,13 the volumetric strain‘contours are plotted from
a variety of drained test paths each with different values of
(AﬂJd?); the zero volumetric strain contour from an undrained
test path ATS
the full lines. From the volumetric strain contours (shown

is alsc shown., The stress paths are indicated by

dotted), it is evident that except for stresses close to the
isotropic stress (from which the specimens are sheared) the
contours are similar to that of the undrained stress path.

All the specimens were sheared from 90 psi isotropic stress.
Fig.5.13 illustrates that a state surface in (p,q,V) space exists
for all specimens sheared from 90 psi 1lsotropic stress with an
increasing stress-ratio. It will e shown in a later section
that except for stress paths with directions lying inside the
tangent to the current volumetric strain contours (Fig.6.13),

for all other increments of stresses, the volumetric strain
contours plotted in Fig.6.13 are unique. This unique surface
will now be used to calculate the shear strains experienced by
specimens in drained tests similar to those shown in Fig.6.13

' using the hypothesis of Roscoe and Poorooshasb (1963) (see section
6.%.1 and equation 6.32).

6.3.4 The (dﬂue)nof anisotropic consolidation paths for
samples initially isotropically consolidated to 90 psi

and subseguently sheared to the relevant value of

In this section the experimental observations on the com-
pression tests with constant stress ratio (anisotropic consoli-
dation) are presented. The author's results confirm the experi-
mental finding of Roscoe and Poorooshasb (1963) that during the
anisotreopic consclidation (with constant stress ratio q’), the



6-24

ratio of the incremental strains, namely d”{de, is a constant
and is dependent on the magnitude of the stress ratio ﬂ‘.

The points in Fig.6.14 show the magnitude of (Jbﬁm)qcorrespon—
ding to five different values of the stress ratio h as observed
experimentally. The curves in PFig.6.14 give the predicted
variation of (&U#eLI with n as calculated from the expressions

g:‘(,,l? _— (3(%—{)1: (%Tc) (M—YD 6.29 bi.s Cam-clay

theory
R |
and S;H( y = o_\_ls) - [A (M—‘f> 6.30 bis Modified
2 Y\ e vl. A-k avl theory

It can be seen that the variation of fg**(vl) as calculated from

equation 6.30 (Modified theory) is in excellent agreement with
the experimental observations which give fE(Vl). Therelore

— i . p .
fg(YL) = T, (). However for n,< 0.5 it is evident that
fg*(Vk) for Cam-clay theory is much smaller than fz(vl). Hence
over most of the range of v from 0 to i, fg(?l) =+ fg*(VL).

6.3.5 The incremental volumetric strain during anisotropic

consolidation

The changes in voids ratio with log p during anisotropic
consolidation tests at three different values of rL are presented
in Figs.6.14(a-c)

The lines through the experimental peoints all have the
same slope fX . Hence during anisotropic congolidation

doe (R) %

From equations 6.66, 0.36, 6.39{(a) and 6.44

S *® * %
%S = ST = R ‘——9\>-\'- 6.67
b b dp lve ) b .

In other words all three theories predict correctly the volumetric
strains observed experimentally during anisotropic consolidation

tests.

6.3.6 The volumetric strain observed in a constant p test and

thoge predicted from the three stress—strain theories

The volumetric strain observed during a constant p test at
90 psi are represented by the points in Fig.6.15. The curves

in this dlagram refer to the predicted values from the various
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stress stirain theories. It is evident that the modified theory
and the incremental stress-strain theory of Rospoe and Poorooshasb
(1963) closely predicts the strains in a constant p test. The
C-am-clay theory overpredlicts the strains in constant p tests.
Hence it is evident that

>F £
=T %‘ 6.68 Modified
“\ W_ theory
OF *
and or :{_—_ aF 6.69 Cam-clay
Bv\ ’avl theory

G.3.7 The shear strains observed in a constant p test and those

predicted from the three stress-strain theories

The shear strains observed in a constant p and in an un-—
drained test are 1llustrated in Fig.6.16(a). In the same figure
the predicted components of shear strain due %o the anisotropic
consolidation part of a constant p test is also indicated.

The two components of shear strain are now added at each stress
ratio, to give the Roscoe, Poorooshasb prediction, Excellent
agreement is obtained between this prediction and the experimen-
tally observed strains.,

In Fig.6.16(b) the relationship between N and & are shown
for (i) the anisotropic component of the shear strains in a

constant p test as calculated from the stress-strain theory of
Roscoe and Poorooshasb. (ii) the shear strains predicted from

the modified theory. (iii) the experimentally observed shear #iv
strains in a constant p test and (iv) the strains predicted from
the Caﬁ—clay theory. Prom this figure the following observations
may be made. (a) the modified theory underpredicts the experi-

mentally observed shear strain but agrees with the anisotropilc
component of the constant p test shear strains as calculated from
the stress-strain theory of Roscoe and Foorooshasb (1963).

(b) the Cam-clay theory overpredicts the shear strain in constant
p tests. Therefore it can be concluded that

X * ¥ '
—L Crp O\Y\.—\‘— S}a " de™” = Ji-’&(vp dF 6.70

and S:‘:V\) é‘Lv\+ 3};"1) JETS g\(ne dn+ FmpdF  6.71 |
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Having seen that the modified theory predicts approximately the
game amount of the shear strain as the anisotropic components,
the undrained components of the shear strain %Eﬁ.added to give
the strains as predicted by the revised theory. The result is
presented in ig.6.17 together with experimentally observed
strains. Excellent agreement is observed between the experi-
mentally observed strains and the theoretical strains.

It is therefore concluded that

3 dn+ 4, p AF & Py dn = Sepdn+ S20p 4F 6.72

In equation 6,72 Ctb‘(TD Q\V’I = ¥ton o\q

The above results indicate that the modified theory in its owm
form lacks the undrained component of shear gtrain used by Roscoe
and Pooroocsghasb (1963) in the calculation of the shear strains

in any tests with plastic volume change and for which qii 0 and
8Ty>o. Once this component is added to the shear strains predicted
by the modified theory, the revised values are in close agreement
with the strains predicted from the incremental stress strain
theory of Roscoe and Poorooshasb (1963).

6.5.8 The strains predicted by the stress-strain theory of

Roscoe and Poorooshasb (1963)

It has already been mentioned in Chapter 4 that the undrained
stress path and the drained stress path (with slope 3) do not
coincide in the (jﬁ; P&) plot, for tests carried out at 30 psi
and 60 psi cell pressures, though they are coincident at 90 psi.
The deviations at 30 pei being very much higher than those at
60 psi.(see Fig.4.47). Therefore in calculating the shear sgtrains i
in tests at 30 and 60 psi cell pressures (for all applied stress
praths being between the undrained stress path and the anisotropic
consolidation path (3qii’o)) the assumption of Roscoe and
Poorooshasbh (1963) that a unigue state surface exists in (p,g,e)
space ig not strictly valid,. Nevertheless this theory has been
used %o calculate the volumetric strains for three types of tests
at 30 psi cell pressure (constant p test, constant cell pressure
test and a drained test wibh applied stress path of slope < 3).
The main assumptions made were (1) a unique state boundary surface
does in fact exist in the (p,q,e)} space and (ii) sections of this
surface by constant voids ratio planes are geometrically similar
to the undrained stress path at 30 psi cell pressure. The pre-
dicted and experimentally observed strains in the three types of
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tests are pregented in Figs.6.18 - 6.23, It is evident that

the predicted values are very much larger than the experimentally
observed volumetric and shear strains in all thé three types of
tests.

S8imilar, but smaller, differences between the predicted and
the experimentally observed strains were found during tests on
samples initially consolidated under an isotropic stress . of 60 psi.
These results are presented in Figs.G.24 to 6.29. The results
for the three types of test when carried out from an initial
isotropic stress of 20 psi are presented in Figs.5.30 to 6.33.

In this case excellent apreement is obtained between the pre-
dicted strains and the ekperimentally observed strains for all
three types of test. Before discussing the limitations of the
stress—-strain theory of Roscoe and Poorooshasb (1963) for other
stress paths than those which have been considered ahove 1t will
be appropriate to study the relationship between the strain
increment vectors and the stress increment vectors at various

levels of stress ratio.

6.3.9 The relationship between strain increment ratios, stress

ratios, and stress incremend ratios.

Jeneral In this section the magnitudes and the directions
of strain increments for a variety of stress increments applied
at five different values of stress ratio (i.e.(qﬁﬁ?) of 0, 0.22,
0.33, 0,44 and 0.69) will be presented. All specimens were
initially prepared under a 1-D stress of 22 psi and subsequently
gheared from 90 psi isotropic stress. Figs.6.34 to 6.38
{1lustrate the directions of the stress increments in (g,p) space
_and the corresponding directions of the strain increments, in
‘(ﬁge)\space. In Fig.6.34 the results of the extension tests
(represented by dashed lines) have been derived from data obtained
from extension tests carried out on samples initially isotropically
.‘consolidated at 60 psi. (This procedure was adopted because the

standard Clockhouse triaxial cells employed were not suitable for
carrying out extension tests with initial cell pressures higher
than 60 psi.) A1l the data presented in Figs.6.35 to ©.38
inelusive refers to the results of compression tests. Dashed
lines in these diagrams have not been obtained by direct experi-
mental observation but by interpolation, from tests with neigh-
bouring imposed stress paths. In Fig.6.35 the stress path
labelled El
The corresponding strain path was obtained directly from the

corresponds to an anisotropic consolidation line.
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mean curve relating (&Wge)w and WJ in Fig.6.14. The results
presented in Figs.6.34 to 6.38 inclusive clearly show that the
directions of the strain increment vectors in (U, € ) space are
dependent on the directions of the stress increment vectors in
(a,p) space. |
From all the compression tests completed by the author

initially consclidated isotropically to 90 psi, it was possible
to prepare a number of curves, relating dh#d@anﬂ.d1/dpeach for a
given value of YL The unigue relationship between o\'u/deand otctld;)
for = 0 is shown by the curve in Fig.6.39. It will be noticed
that (bvheaxis is an assymptote when.&ﬂ4k=:o, corresponding to
isotropic consolidation., Furthermore,d1ﬁq)tends towards oo in a
constant p test, for which the initial stress path is represented
by AC in Fig.6.34. It can be seen in the strain section of
this diagram that‘hheis finite as represented by the strain path
AO. The remaining curves in Fig.6.40 to 6.43 show corresponding
relationships between dV/cle and &7/4[3 for valuegs of Y‘L ranging from
0.22 to 0.690. The range of the directions of the stress paths |
can be increased to include negative values of d1{dF (with p
inereasing) up to the magnitude which correspond to ¢*U/de;= a
The unigue curve relating‘(4”He) with.(d%ﬁqﬂ at any particular
stresse ratioco is seen to be dependent on the stress ratio.
The (4v[de) (d‘b/alp) relationship in Figs.6.39 to 6.4% describe a
surface in the three dimensional space (JV/de,d%{d‘g,%/P). This
surface is shown in Fig.6.45(a). The chaln dotted line drawn
on the surface in this figure corresponds to fg( q) i.e. the
variation of(%vﬂé)with Vl for the particular case of anisctropic
consolidation (i.e. da . I = n ).
| “ B

6.3,10 BStrain increment vectors for stress increment vectors

. of equal magnitudes but different directions

The magnitudes of the strain increment vectors corresponding
to stress increments of 10 psi in a number of different directions
at constant values of the stress ratio rL of 0, 0.22, 0.33, 0.44
and 0.69 are presented in PFigs.6.44 to 6.48 respectively. It
can be seen that for any given initial siress state, the locus
of the end points of the strain increment vectors is found to
lie on an ellipse. The major axis of this ellipse is found to
coincide with the ¥ axis when q = o (i.e. isotropic consolidation).
However as 'l ig increased the major axis of the ellipse rotates
in a clockwise direction in (v, €) space, until at the peak

stress ratio the major axis of the ellipse lies along the € axis.
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Also the size of the ellipses corresponding to a finite stress
increment is found to increase in size with incpeasing stress
ratio VL. These ellipses of strain increment vectors are

again presented in Fig.6.49, superposed upon the ( U, e ) charac-
teristic of a fully drained (JmF”a= 3) test. The above obser-
vations again indicate that for a given magnitude of stress
increment vectors the magnitude of the strain increment vectors
are dependent upon the direction of the stress increment vector
and upon the magnitude of the stress ratio VL. However even if
these ellipses were idealized to a single resultant vector coin—
ciding with the major axis of the ellipse it is abundantly clear
that the concept of one unique yield surface obeying "normality"
cannot be true. If it were true the idealized resultant strain
increment vectors should everywhere be tangential to the (V,g )
characteristic for the conventiocnal drained test. It is inplicit
in the above argument that the effect of any recoverable elastic
-components of strains are negligible. The above investigation
has been carried out with respect to total strains. It will be
shown in Chapter 7 that the recoverable strains are an order of
magnitude smaller than the total strains and therefore the strain
increment ellipse shown in Pigs.6.44 to 6.49 can be assumed to
apply to the plastiec strains. Hence the magnitude and direction
of the plastic strain increment vector (SvP)*:(SeP)?® is dependent
on the stress increment \IS%fﬁ-éki . This observation

indicates that a single yield surface of the rorm derived by
Roscoe and Schofield (1963) is not sufficient to describe the
rotation of the plastic strain rate vectors as the direction of
the stress inerement vector rotates. The concept of a second
yiedd surface forming'singular" points with the first yield sur-
face that was introduced by Roscoe and Burland (1968) is a method
which can allow for such rotation of plastic strain rate vectors.
However the hypothesis that the energy eguation used by these
authors is only applicable fg} the derivation of the volumetric
yield locus and not the consﬁgnt q yileld locus needs further
investigation.

In the conventional triaxial apparatus used by the Author,
the prinéipal axes of strain increments, stress increments and of

stress are always coincident and two of the three principal stresses

or straine are always equal. Under such conditions the Author
found that the application of astress increments of the same
magnitude in different directions caused the strain increments
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to lie on an ellipse. It is therefore possible that in the
general three dimensional stress system (&, , 82 , &3 ) the
application of a stress increment ( d&,, d€. and d6€5; ) could
cause the strain increments to lie on the surface of an ellipsoid i
strain increment space ( € , &€, and &, ). Further work is now
in progress to verify this concept for the general three dimen-
sional stress system.

The experimentally observed strain increment ellipses presen-
ted in Figs.6.44 to 6.45 are compared with those predicted from
the stress-strain theory of Roscoe and Poorooshasb (1963} in
Figs.6.,50 to 6.54 inclusive. It can be seen that for stress
increments lying between the conventional undrained stress path
and the anisotropic consolidation path, the strain increment
vectors obtained by employing the Roscog and Poorooshasb theory
lie on only part of the complete ellipse. This is because their
method of predicting shear strains was restricted to stress paths
lying between the undrained stress path and the anisotropic con-
solidation path. The Author has already shown that the revised
theory of Roscoe and Burland (1968) predicts identical strains
to those of Roscoe and Poorooshasb (1963). Hence this revised
theory would also be capable of predicting the strain increment
vectors corresponding to the stress incerements lying between the
undrained stress path and the anisotropic consolidation path,

The Aunthor has not studied the variation of the strain 7
increments with stress increments for initial state points within
the state boundary surface. It is probable that similar strain
increment ellipses may exist for stress increments applied on
specimeng at such initial state points. These ellipses if they
exist will be smaller in magnitude than the ellipses described in
Figs.6.44 to 6.48, which apply for states of stress lying on the
state boundary surface. This will be sc since the volumetric
gstrains associated with stress increments lying inside the state
boundary surface are sf an corder of magnitude smaller than the
corregponding strain for state paths on this surface.

The volumetric and shear strains predicted from the Roscoe
and Poorooshasb theory and the corresponding experimentally observed
strains are compared for three state paths each with constant d?h%
lying hetween the conventional undrained path and the anisotropic
consolidation path in Figs.6.55 to 6.60. Excellent agreement is
noted between the experimentally observed straing and the theoreti-

cal strains.




6.4 Btrains predicted by the stress-strain theory of Roscoe

and Poorooshagb (1963) for stress paths with decreasing

gitress ratio

4

Roscoe and Poorooshash (1963) in section 8(a) implied that
their theory could be applied with confidence provided the wvalue
of the stress ratio n, did not decrease at any stage when pre-
dieting strains caused by given imposed stress paths. They
also suggested that it may be possible to relax this reguire-
ment. In this section the author makes attempts to compare
predictions from their theory with his experimental results Tor
imposed stress paths in which Y| was decreasing, For such
stress paths 1t will be shown that this incremental stress-strain
theory needs scme modification. For example it is necessary,
to obtain satisfactory agreement between predictions and obser-
vations, to neglect the undrained component of the shear strain
on the right hand side of equation 6.31. This would lead to
the following expression for shear strain

_ {de\ .
(Se)drained = (55 ) Sv 6.73
In equation 6.73 it is assumed that the value of (AGLMOW which

is given by gaUp when 71 is increasing is also valid when
is decreasing. This assumption may not be correct; it will
in fact be shown later that (aekhﬂV\ for the phase in which the
stress ratio YL is decreasing is lower than that when vl is
increasing.

In an earlier section it has been shown that the volumetric
strain increment 9V associated with shear strain of equation 8.73

" can be expressed in the form

dv = %,Elc’w\—\r %—E&P 6.51 bis
for stress paths in which tl increases. The validity of egquation
6.36 for stress paths in which the stress ratios decrease has not
been ascertained. It will be shown that for stress paths with
decreasing stress ratio and lying above the tangent to the con-
ventional undrained stress path in the (g,p) plane, equation
6.06 is wvalid. Experimental observations on tests with
decreasing values of stress ratio will now be presented.

Fig.6.61 (i) shows the imposed stress path ABC during a
constant p shear test on sample BP AB followed by the stress path
BC in which TL decreases., The curves in Fig.6.61(ii) and (iii)
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give the (Vlﬁ € ) and ('l,ﬂf) curves predicted by the Roscoe and
Poorooshasb theory and the points on these diagrams represent
experimental observations during test BP. Similar results for
other imposed stress paths in which n first increases and then
decreases are given in PFPig.6.62 for sample CO and in Figs.6.63
and 6.64 for samples BX. In these tests on samples BP, CO and
BX the portion of the stress path BC with decreasing q’ is always
outside the tangent to an undrained stress path through B in
(q,p) space. For all these tests there is good agreement between
predictions and observations for the volumetric strain relation-
ships but the shear sirains are somewhat overpredicted. This
confiems the statement made in the paragraph immediately below
equation 6.73 that (deﬁh9\is smaller when YL is decreasing than
when T\ is increasing. FPigs.6.65 and 6.66 represent conditions
for test CM in which the portion BC of the stress path with
decreasing Yl is below the tangent to the undrained stress path
through B. In this case both the strains are underpredicted.

It must be remembered that Roscoe and Poorooshasb stated that
their theory could not be used for predicting strains in this
region.

The revised theory of Roscoe and Burland (1968) for the
conditions of tests BP, CO and BX will not include the contri-
bution of shear strain from the constant q yield loci for portions
of the stress paths in which q/ is decreasing. Hence their
Revised theory is identical to their Modified theory for such
paths and both are the same as the Roscoe and Poorcoshasb theory
as used by the author above without the undrained component of
shear strain,

From the above observations the Tollowlng conclusions may
e drawn:

(i) Por stress increment vectors lying between the undrained
gtress path and the anisotropic consolidation pth the original
Roscoe and Poorooshasb theory and the Roscoe and Burland revised
theory give accurate predictions of both volumetric and shear
gtrains.

(ii) For stress increment vectors lying between the anisotropic
consolidation path and the downward tangent to the undrained stress
path in the (qg,p) space, the Roscoe and Burland Revised theory
and the Roscoe and Poorooshasbh theory without the undrained
component gives accuratqbredictions of volumetric strains but
overpredicts the shear strains.




(iii) TFor stress increments directed inside the downward tangent
to the undrained stress path in (q,p) space neither the volumetric
nor the shear straing can be accurately predicted, by the Roscoe
and Poorooshasb theory. The Revised Roscoe and Burland theory
would predict that only elastic volumetric strains occur during
the portion BC of the stress path on sample CM and that the

shear strains are zero. It can be seen in Flg.6.66 that the
observed shear strains are small for the path BC.

6.5 The behaviour of specimens when reloaded along stress paths
with AN >° and 4P 20O subsequent to imposed paths in
which dn £ o and dp2o

L !

The stregs-strain behaviour during subsegqguent unloading and
reloading of initially sheared samples with p increasing all the
time will now be considered. The type of stress paths imposed
on the four samples CO, CL, BP and CP and their previous stress ‘
histories are shown in Figs.6.67, 6.70, 6,73 and 6.76 respectively. |
These specimens were initially sheared from the isotropic stress
gtate A to stress states B with increasing stress ratios. Subse-
guently the specimens were sheared from B to C along stress paths
with decreasing deviator stress (q) and increasing mean normal
stress (p). This second phase of shear can be divided into two
types depending on the slope of the applied stress path. In
Fig.6.67(a) the stress path BC' 1lies above the tangent to the
undrained stress path through B and stress path BC" lles below
this tangent. It has been shown in section ©-4 that the state
CJ of the specimen lies on the undrained state boundary surface
and the state G" lies inside the undrained state boundary surface.
The third phase of reloading of the specimens from the siress
states Gj and ¢" corresponding to the two paths ¢'n' and G" D"
will now be studied separately.

(i) Reloading of specimens with initial states on the state

boundary surface.

In the third phase of shear (CD) the specilmens were subjected
to Stress paths with increasing stress ratio. Por all specimens
it can be seen in Figs.6.68, 6.71, 6.74 and 6,77 that the
volumetric strains at the end of the second phase of shear corres-
ponds approximately to those predicted from the undrained sta;e
gurface., Also for all specimens during the reloading phase, §
the volumetric strains are very close to those predicted from the !
undrained state surface by the Roscoe and Pcorooshasb theory |
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(which, of course, is the same as the Revised theory of Roscoe
and Burland (1968)). The shear strains experienced by the
specimens during the loading and reloading phases are illustrated
in Figs.6.69, 6.72, 6.75 and 6.78. It has already been shown
that there is little agreement between prediction and observation
for the shear strains during the unloading process BC. Hence

in these diagrams the predicted and observed values of the shear
strains at points C (which is the start of the reloading process)
have been made to agree at this point. The excellent agreement
between the predicted and the experimental shear strains in these
diagrams demonstrates that the theories can be used to calculate
the volumetric and shear strains during reloading, provided the
states of the specimen at the beginning of the reloading phase
lies on the state boundary surface. '

(1i) Reloading of spec¢imens from states lying below _the state
boundary surface.

Fig.6,.,79 shows the stress path imposed on sample CM where
the first shear 1oadMg AB is under approximately constant p (90
psi)conditions. During the unloading portion BC the deviator
stress was reduced to about a third of its value at B, while the
mean normal stress p increased by about 30 psi. In the portion
CE, the sample was relocaded under a stress path dﬂdP=5 (corres-
ponding to a conventional fully drained compression test). The
portion BCD2 is below the state boundary surface where D2 is on
the volumetric yield locus passing through B, The (%/P,fv )
relationship during the first stage of shear is represented by
the pointe between A and B in Fig.6.80, while the curve AB is
the prq@icted relatlionship by both the Roscoe and Poorocoshasb
theory and the Revised theory of Roscoe and Burland. The same
relationship as observed experimentally during the unloading
process is given by the points between B and C in Fig.6.80.
Over this range it is strictly not correct to use the Roscoe and
Poorooshast theory but as a matter of interest, the author has
assumed that it can be applied when q, is decreasing and dFZ7O
and obtained the resultant curve BC1 for the predicted behaviour
during the unloading process. The Roscoe and Burland theory can
be applied to predict the strains in this unloading process and
of course the volumetric strain is in theory entirely elastic.
Their predicted curve is represented by BCB in Fig.6.80. During
the reapplication of the shear corresponding to the stress path
CE in Fig.6.79 the Roscoe and Poorooshasb theory predicts the
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curve G, E in Fig.6.80, while the points between C and E were
obtained from experiment. The Roscoe and Burland theory

predicts elastic straine over the range CD, of the reloading path

and thereafter, thelr predicted curve 116520n that predicted by
Roscoe and Pcorcooshasb,. In calculating the elastic strains for
the paths BGB’ 02D2 it was assumed that k was 0.,06. This value
was taken to be consistent with ite assumed value in the previous
sections of this chapter. It is of interest to note that if k
had been equal to 0.03 then the point D2 would have been on tihe
curve ClE' It is evident that the prediction begins to agree
with obsgervation during the reloading process as the volumetric
strain increases (as has previously been indicated in Pigs.0.71,
6.74, etc.). The initial divergence is probably due to plastic
volume change during the unloading and reloading processes below
the state boundary surface. The corresponding (%IP,G ) relation-
ships for this sample CH are shown in Fig.6.81. in which the points
are experimentally observed while the curves have been predicted
for both theories except that no attempt has been made to predict
shear strains from the Roscoe and Poorocoshasb theory for the
portions of the state paths BCD2 below the state boundary surface.
There is excellent agreement between the predicted and observed
values,

Figs.6.82, 6.83 and 6.84 show corresponding information for
the similar test on sample BO, in which (as can be seen in Fig.
6.82) the unloading path corresponded to reducing q to zero while
P increased by about 10 psl and the state path lay very close to
the state boundary surface as q’ was reduced. The agreement
between prediction and observation is better than for the previous
sample .CM; in the case of the volumetric strains this may have
been due to the much smaller range of change in p. The excellent
agreement between predicted and observed values of %ﬁ)and v

during the path D2E is clearly evident.

6.6 Recoverable strains

It was shown in section 6.2 that the volumetric strain is only
recoverable for stress paths applied within a narrow region below
the state boundary surface (seel%cq4in Fig.6.2e ). What is
implied by the statenent that the volumetric strain is recoverable
is that, in this region, the application of any closed cycle of
stress (in which the unloading and reloading paths coincide) does
not produce a net positive volumetric strain. In other words
if the (9,¢ ) and ( FJQS) characteristics during such a reversal
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of stress form hysteresis loops, the strains will be regarded as
recoverable if the hysteresis loops are closed.. If the loops
enclose negligible area then the strains are not only recoverable
but will alsc be called elastic.

The results of a number of cyclic loading tests on one sample
(ca) from three initial states on the state boundary surface will
now be presented. The first state point on the boundary surface
is represented by point A, in Fig.6.856(a) (for which g = 50,

p = 146). An imposed stress cycle is represented by A B A, in
Pig.6.85(a) ( in which B, has coordinates g = 1 and p = 115) and
the corresponding (9,€ ) and ( b,V ) relationships are shown in
Pig.6.85(b) and (c) respectively. It can be seen that both
strains were recoverable and elastic.

Two further cycles from the same péint Ay (g = 50, p = 146)
were carried out to points By (@ =1, p = 103) and B, (q = 1,

p = 82) respectively. The results are shown in Fig.6.86 and Fig.
6,87 regpectively. FPor the stress cyclé A1B2A1 the strains are
recoverable and elastic. But for the cycle AlBSAl’ the gtrains
are virtually recoverable but are not elastic in the sense defined
above, It will be noticed that for all the three stress cycles
the change of q is the same for each, but the change of p is
considerably greater for the last cycle in which the closed
hysteresis loops were observed. It has been shown in Chapter 3,
that the strains were anisotropic under reduction of isotropic
stress. Hence the above may be due to the development of pre-
ferred orientation of c¢lay particles.

The second state point on the state boundary surface is
represented by point A, in Fig.6.88(a) (for which q = 75, p = 145).
The imposed stress cycle A2B4A2 is such that B4 has coordinates
(¢ =1, p = 100). PFigse.6.,88(b) and (c) show that despite reduc-
tion of p of 45 psi the strains are virtually recoverable and
elastic. This however is not the case for the stress cycle
AgBg shown in Fig.6.8%(a) where p was reduced by more than 100 psi,
the volumetric strain is recoverable but not elastic (see ¥Fig.
6.89(b)) while the shear strains are neither recoverable nor
glastic (see Fig.6.89(c)). The later phenomenon indicates that
the material has experienced reversed yielding (shear distortion)
during the phase in which q was reduced, this may be attributed
to the Bauchinger effect.

The third state point on the state boundary surface is repre-

sented by Az in Fig.6.90(a), which corresponded to a very high
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stress ratio ofil = 0.65 (Az corregponded to Vl = .52 and Al to
ﬂ‘= 0.34). During the stress cycle p changed,by more than a
100 psi and the conclusions regarding the behaviour of the sample

during the cycle A B A 1is the same as for the cycle A2B5A2.
36 3

In Chapter 7 it is shown that during the unloading phase,
the volumetric strains and the shear strains vary logarithmically

with the mean normal stress p and the deviator stress q respectively.

Hence if reversed yielding is prescribed by strains exceeding a
given magnitude then it is possible to define a local stress
region in the (qg,p) plane within which the material can be assumed
to be rigid. howe

The data already presented, and discussed above, has shown that
during the reloading phase the (k%QS) characteristic isfiinear
for a wide range of stress paths. Consequently quantitative
expressions relating the stress and strain during unloading and
reloading may be defined and will be presented in Chapter 7.

6,7 Loading and Unloading of heavily Overconsélidated specimens

Consider specimen T which was normally consolidated to

90 psi and then isotropiiglly gwollen back to a pressure of 8 psi.
This specimen was subsequently subjected to the stress path ABlA
indicated in Fig.6.91(a). The (9,& ) characteristic and the
(C£;v ) characteristic corresponding to all three phases of shear
are illustrated in Figs.6.91(b) and (c) respectively. During

the first phase in which the specimen was loaded along ABl, it
experienced a compressive volumetric strain of 7 p.c. and &

shear gtrain of 4 p.c. However during the stress path Blﬂ,

a negagive shear strain of 1.4 p.c. and a volumetric strain
(swelling) of -4 p.c. is experienced. Hence in the stress cycle
ABy
of 3 pe.c. and an irrecoverable shear strain of about 2.9 p.c.

A, this specimen experienced an irrecoverable volumetric strain

The above behaviour of the overconsolidated specimens is there-
fore quite different from the behaviour exhibited by the normally
consclidated specimens during the unloading and reloading phases
(section 6.6). A detalled investigation of the stress-strain
behaviour of overconsclidated specimens is presented in Chapter 7.

6.8 Stress-strain behaviour of specimens subjected to cyclic

stress paths with dq <o ang Ap >0 and lying inside the

state boundary surface

3

Consider spe¢imen BU initially isotropically consolidated to
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A(0, 90) and subsequently sheared to point B (40, 57) in Fig.
5.92({a) along the stress path AB. The specimen was then sub-
jected to the stress path BA. The (3.& ) characteristic and
the (P,ma) characteristic of this specimen are given in Figs.
6.,92(b) and (¢). During this phase of shear BA, the specimen
experienced a positive volumetric strain of 2.8 p.c. and a
negative shear strain of 1.8 p.c. as represented by BA in the
strain diagrams. However, when this specimen was reloaded
along the path AB the volumetric strain recovered was extremely
small and the shear strain was about 0.6 p.c. (see A'B' in Figs.
6.92(b) and (c)). ~ A second application of the stress path BA,
caused a volumetric strain of only 0.4 p.c. and a shear strain
of -0.6 p.c. as represented by B' A" in the strain diagranms.
This observation indicates that the first application of the
stress path BA causes large magnitudes of volumetric and shear
strain, but subsequent stress applications only cause small

s trains. The same phenomenon was observed during the second
reloading along AB as represented by the curves A B" v These
results will be discussed further in Chapter 7.

6,9 Stress-strain behavibur of a specimen subjected to cyeclic

stress paths with increasing stress ratio ( 5V\> © ) and

decreasing deviator stress ( 99 <o ) and mean normal

stress ( &b <o ) during the unloading phases

Consider specimen T,, in Fig.693(a), which has been sheared
to point A (g = 30, p = 90) on the state boundary surface along
a constant p stress path from 90'psi isctropic stress. Subse-
gquently the specimen was subjected to the cyclic stress paths
ABlA, ABEA and ABSA. For each of the stress paths the stress
ratio (%[P) was increased while q and p were decreased and vice
versa, The corresponding (q,,e) characteristics and the ( F;U)
characteristice are as indicated in Figs.6.93(b) and (c).

It can be seen that the shear strain &£ increased in all three
stress paths for which the deviator stress q was decreasing.

The deformation of Kaclin for stress paths of the form ABl, AB2
and AB5 daring which the stress ratio is increased therefore
corresponds to unstable deformation, since the shear strain
increased even though the deviator stress g was decreased.
Insufficient experimental information was acqulired by the author
to study this region of unstable deformation in detail.

However since the magnitudes of the shear strain and volumetric
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strain were small for the initial phase of shear, it is possible
to define regions in the stress plané'for wihich ,the deformation
can be assumed to be small. In this way a region can be defined
at each stress level within which the behaviour is rigid, and
outside of which unstable defofmation can take place, Now
consider the stress paths BlA, BEA and BEA during which the
deviator stress was increasing while the stress ratio ( q’) was
decreasing. It is again observed that the shear strain ¢ is
positive for these stress paths even though the stress ratio
(7/p ) has been decreasing. It is therefore evident that for
the stress region investigated, it is possible for the specimens
to experience positive shear strain for any stress cycle of

the type ABlA both along ABl and along BlA. This ig the only
region in the stress plane (QJP ) within which a closed stress
cycle can be applied on the specimen, such that the incremental
deviator strain experienced by the'specimen is always of the
same sign for all values of stresses lying on the stress cycle.
The author has classified this stress region as an unstable
region since the application and the removal of deviator streosses
along any stress path within this region cause an incremental
shear strain of the same sign.

The major conclusions throughout this chapter have been
prresented at the end of each section. They will be reconsidered
in Chapter 8 when they are discussed in the light of the whole
of the work presented in this dissertation.




CHAPTER 7

CONSTITUTLIVE EQUATIONS FOR THE STRESS-STRAIN

BEHAVIOUR OF CLAYS IN BOUNDED STRESS REGIONS

7.1 General [ntroduction

Soils exhibit a wider variety of stress-strain behaviour
than metals and it is difficult to establish a simple mathematical
model that cau adequately describe the mechanical behaviour for
all possible forms of applied stress path. Even if such a model
wés developed it is likely to be so complicated as to be of
limited use to the practising engineer. It is therefore neces-—
sary to make rational idealizations in order to derive simple
constitutive equations. These equations are then only able to
deseribe the stress-strain behaviour over a restricted range of
applied stregs paths. In this chapter the author studies the
stress—strain behaviocur of clays from experimental observatiouns,
and then attempts to develop equations that provide a framework
within which the observed behaviour under a wider variety of
stress paths can be correlated. These equatlions are Tfound to
describe characteristic surfaces in the stiress-strain space and
it may be appropriate to look for a possible correlation between
these surfaces and the yield surfaces used in plasticity theories
of the type developed at Campridgs.

The four variables that are considered in the present
analysis are q,p,y U and € . In genersl, the quantities U and ¢
are heavily dependent on the streses path. Therefore before any
attempt is made to set up simple mathematical expressions for
strains based on scalar functions of g and p it is necessary to
see whether it is possible to find specific stress paths for
which the relationships among q, p, U and € are unigue. If one
can find the criterion which divides the stress paths into groups
within which approximate equations can be derived for the stress-
strain behaviour, then it is possible to set up mathematical
models for the general behaviour, prescribing the particular
stress region in which these models are valid. Depending on the
magnitude of (dﬂidﬂ, the stress paths which originate from the
igotropic consolidation pressure are divided into three groups
as shown on section 7.2 and succeeding sections. In order to
keep the effects of the initial one dimensional consolidation
stress the same, all samples were initially prepared uunder the
same 1-D stress and subsequently sheared from the same isotropic



stress state.

7.2 The first group of stress paths for which dU =0 and ‘JWJ’O

Pig.7.1 illustrates the possible forms of stress paths in
this first group. Excepxt for the undrained stress path, all the
other stress paths in this figure are linear. It will be shown
in a later section that the stress-strain relationships derived
for these linear siresgs paths are also applicable t¢ non-linear
stress paths, for which dk£3c>, within this region. First
the three applied stress paths 0OA, OB and 0OC with slopes (diﬂk)
of o2, 3 and 1.5 respectively, all starting from an isotropic

stress of 90 psi, are considered.

7.2.1 The strain paths in (V. &) space for the first group of

gtress paths

Pig.7.2 shows the gtrain pathsg Tollowed by the three specimens
A0, AD and AY in (', e ) space. It is to be noted that the strain
paths are convex to the E-axieg and have different slopes at the
origin. The higher the initial value of (d4v[de), the lower is
the value of (*1FAP).

7.2.2 The contours of constant (?/PE in (V,e) space for the
first group of stress paths

Pig.7.3 shows the contours of constant (%[/p ) on the strain
paths in (v, e) space. These contours are found to be approxi-
mately linear and therefore it is possible to relate ¥ and &
by the relation

Wy + Z(1)-v 7.1

where the function '%F(Ql) gives the variation of shear strain
in an undrained test (corresponding to the intercept on the
-axis of the constant Q lines) and (zé%(ﬂ) corresponds to the
slope of the constant (qﬂzﬁ contours in (7,4 ) space. The
(%$,U e ) surface correspondlncr to the relationship (7.1) is
shown in isometric views from two directions in Pigs.7.4(a) and
(v). The projections of this surface on the (2%J € ) and
(%, ,v) planes are given in Figs.7.5 and 7.6.

9,
7.2.3 The constant volume (undrained) test in ( 4M(Uf€ ) space
for the first group of stress paths

In section 7.2 only stress paths with slopes <0, 3 and 1.0
were considered, and the constant (?/p } contours were found to be
linear in (V, € ) space. The ( ?@Je;) relationship corresponding
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to zero volumetric strain is extrapolated from these contours and
plotted as the crosses in Fig.7.7. The (?%J.E’) relationship
obgerved experimentally in an undrained tegt is also lllustrated
in this figure by the circles. The remarkable agreement ovetween
the two relationships illustrates that the undrained test too lies
on the (c@FJ1b £ ) suriace corresponding to the three specimens
with stress path slopes of c©, % and 1.5. Wroth (1965) pointed
out that at constant stress ratio the ratio of the shear strain
observed in fully drained test (applied stress path of slope 3)
to that in undrained test (constant volume) was a constant.

While this observation is in agreement with the author's results,
it should be borne in mind that the linear relationship observed
by Wroth was derived from his mathematical model which includes

an energy equation of the form

K =)
q- Mpr () 52 + () 3% v
[+e/ 2c +e/ 9 &
This energy equation is identical t¢ that originally proposed
for the Cam-clay model by Roscoe, Schofield and Thurairajah (1963).

Expressing the voids ratio fterm in equation 7.® in terms of

volumetric strain, it can be shown that

dv  _ Jﬂ:;E;
de T (-X 7.3

A comparison of (*Vqu: derived from equation 7.3 and the
function /€%<ﬁ) as observed experimentally is shown in Fig.7.8.
It is evident that the two characteristics are different.

7.2.4 The (inqb £) pelationship at 60 psi isotropic stress

for the first group of stress paths

Experiments performed with similar applied stress paths
(to those shown in Fig.7.1) but on samples initially consolidated
at 60 psi isotropic stress indicate a similar, but not identical,
(?$,U,2) relationship to that for the specimens sheared from
90 psi isotropic stress. The constant (i/P )} contours in the
(U, & ) space for tests starting from 60 psi isotropic stress are
gshown in Fig.7.9. This relationship is shown in an isometric
view in Fig.7.10. The projections of this surface in the (37#,8 )
plane and the (%$th) plane are illustrated in Figs.7.11 to 7.12.
It is appropriate at this point to comment on the use of total
shear strain &£ as a parameter in describing the stress-strain
behaviour of soils. In addition to the parameters ( p,9 , & )
used by Roscoe, Schofield and Wroth (1958) to describe the state
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surface, Ladyani et.,al.(1965) used total shear strain € as a
state variable. I'rom the experimental observations provided at
the two isotropic stresses of 60 and 90 psi it is evident that
the (qyb}izéi) surfaces corresponding to the two stress levels
are displaced along the U axis as indicated in Fig.7.13.

Hence there is no unique (%¢h1{“8) surface, indicating that the
use of & as a state variable is not correct:as pointed out by
Roscoe and Pooroosgifg (1963). Therefore the relationship 7./
derived in section , is only applicable for specimens sheared
from a given isotropic stress state.

%
7.2.5 The (7/5)15 £ ) surface of: specimens sheared in extension

from 60 psi isotropic stress for the first group 68 stress

paths

So far the investigation has been confined to compression
tests where the intermediate principal stress is always equal to
the minor principal stress 1n a conventional triaxial system.
Experimental observations will now be presented for extension
tests where the intermediate principal stress is equal to thne
major principal stress, Since the maximum cell pressure that
can be applied to the standard Clockhouse triaxial cell is limibted
tb about 150 psi, it was necessary to carry out the extension
tests from 60 psl isotropie stress. The ( U, & ) characteristic
for four types of tests are given in Fig.7.14. In these strain
paths, the contours of constant (qyp) are also indicated. The
results are presented in an isometric view in the three dimen-
sional space (%@,15 £ ) in Fig.7.15. The projections of these
test paths are also given in Figs.7.16 and 7.17 in the (?ﬁh g )
plane qu (@?,75) plane regpectively. ¥From the experimental
observations provided it is clear that the overall behaviour of
the specimens on the extension gide is very similar to that on
the gompression side.

7.2.6 The correlation of (1¢=155') surifaces for compression

tests for the first group of stress paths.

Tt was shown in section 7.2.4 that the (%%,Q% € ) surfaces
originating from different isotropic strecsses are displaced along
the U -axis by the corresponding volumetric strain due to isotropic
conscolidation. Also tit was shown that U and < are related by

an expression

e = Yy + £(m) v “7.1 bis

i
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The function 1P (Vz) corresponds to the shear strain € experienced
by a specimen in an undrained test. Experimental observations
have been presented in Chapter 4 (see Figs.4.18 and 4.25) to
illustrate that the function 1#"(*1) is independent of the initial
one dimensional stress history of the specimens and the subsequent
level of isotropic consolidsation. It therefore remains to
investigate the last term of equation V.T containing U and the
function EE(*}). Fig.7.18 shows the variation of }<Z(q) with

for tests on samples prepared at 60 and 30 psi. It can be
sgen that the variation of //Cﬂ)W1th Yl is approximately unigue
for the two (.F,ﬂJ € ) surfaces at 60 and 90 psi isotropic stresses.

7.2.7 The comparison of the ( mebil) surfaces of compregsion

and extension tests at 60 psi isotropic stress for the

first group of stress paths

It was shown earlier in section 7.2.6 that the extension

tests also give a (¥, V,€) surface, which was similar to that
of the compression tests. It will be interesting to establish
whether the two surfaces are ldentical. The ( V,€ ) projections
of the two surfaces are shown in FPig.7.19 and are found to be
similar, however significant differences are in evidence at the
larger strains. The (E?JIJ) characteristics and the (‘?p,%)
characteristics are shown in Figs.7.20 and 7.21. These results
also indicate that the compression and extension behaviour of the
specimens are remarkably similar up to approximately 5 p.c.
strain, During shear the major principal axes of' the two types
Pevpendisulay

A to each other, thus
the results indicate that the specimens are nearly isotropic at

of tests {compression and extension) are

the endsof 60 psi isotropic coneclidation.

7.2.8 Theoretical prediction of the (?$,155) surface on
gamples prepared at 90 psi isotropic stress (First group

afstress paths)

A detailed investigation of the stress-sitrain behaviour as
predicted by the various stress-strain theories was presented in
Chapter 6. It will be of interest to study how far these theories
are capable of predicting the (%%,@,E) gurface generated by the
types of tests specified in section 7.2.2. The Cam-clay theory
predicts the (V,£ ) characteristics Tor the three types of tests
{(AO constant p, AD fully drained with slope 3, and AY drained with
slope 1.5) as shown in Fig.7.2%2. It can be seen that the
differences between the ( VU, £ ) characteristics predicted by the
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Cam~clay theory for the three types of tests are small as compared
with the experimental observations already presented in Fig.7.3.
Also the predicted shear strain corresponding té zero volumetric
strain as extrapolated from the constant (Z/p ) contours is small
compared with the actually observed shear strain as shown in
Fig.7.3. The (U,2 ) characteristics predicted by the modified
theory of Roscoe and Burland (1967) is illustrated in Fig.7.23.
The constant (QJP ) contours are also drawn on the sirain paths.
The shear strains at zero volumetric strain predicted by the
theory (corresponding to the intercept of the constant (?{P )
contours with the €-axis) are again smaller than the experimen-
tally observed shear strains presented in Fig.7.3. Fig.7.24
illustrates the (U, & ) characteristics and the constant (?/P )
contours as predicted from the incremental stress-strain theory
of Roscoe and Poorooshasb (1963). The remarkable agreement in
this behaviour with the experimental observations presented in
Pig.7.3 indicates that the (q/PfU,E) characteristic as observed
experimentally can be successfully predicted by the theory of
Roscoe and Poorooshasb (1963).

It has already been shown in Chapter 6 .that the revised theory
of Roscoe and Burland (1968) predicts the same strains as the
theory of Roscoe and BocﬂeoShééﬁéfor stress paths of the type
discussed above. It also indibates that only under a restricted
condition can the parameter & be used as a state variable.

Under this restriction, the (‘Wp;q € ) surface employed by

Ladyani et.al. (1963) is only a special case of the incremental
stress-strain theory of Roscoelénd Poorooshasb (1963). It will
be logical to examine the relation between the incremental strain
equation of Roscoe and Poorooshasb and the strain equation 7.1

which 1is

e = ’Liu(mar%(rg)-v o 7.1 bis

Differentiating de = dYP + vd2 +Z dv 7.4

The incremental stress-strain theory of Roscoe and Foorocshasb

can be written in the form

- _ dw + (e du
. de = @P (d?) Q 7.5
From equations 7.4 and 7.5
de\ g = vdz+Zdv
(J@)q v [ER=

i
This equation 7.G becomes since A7 = X (Q) OI.? -
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Ve fop-Z(p 7
where'fz(fl) = ((%Z;)ﬂ and represents the slope of the anisotropic
consolidation lines in the ( €, U )} space. It has beern shown in
Chapter & that U is only a function of Vl and p, and this function
can be cbtained fron an undrained test and an isotropic consoli-
dation test. SE (Yl) can be determined from a single undrained
test and a conventional fully drained test with constant cell
pressure. Therefore using the relation 7.7 the value of fz(q )

i.e. the slope of anisotropic consolidation line in a ( €,V )
space can be obtained from an undrained test and a fully drained
test.

7.2.9 The ( 7p>"%) surface for tests in the S.S.A. and the
(Y5, U™, €”) surface for tests in the biaxial apparatus

far the first group of stress paths.

Only a limited amount of experimental data are available on
the stress-strain behaviour of the Kaolin under plane strain
conditions. Though an extensive series of tests were performed
on the 8.8.A. by Thurairajah (1961) and Walker (1967) the types
of test carried out by these research workers were confined to
undrained tests and fully drained tests in which nyhwas kept
constant. The volumetric strain (V) and the shear strain (¥ )
relationships during the two types of test together with constant
7;4; contours are represented by data plotted along OA and OB in
Pig.7.25. The other two dotted curves in this diagram have
been extrapolated from this limited amount of data and are required
to fo#T;an overall assessment of the E;,TJ and [ QF'_Pelationships.
The (.%?J v, ¥ ) surface for the test paths followed by specimens
in this apparatus is illustrated isometrically in Fig.7.26 and is
similar to those obtained in the conventional triaxial apparatus.
The author has had to limit further investigation into the
correlation of the results from the S.8.A. with those from the
triaxial apparatus until an assessment is made of the magnitude
of the intermediate principal stress and its effect on the 5.5.A.
results.. Preliminary experiments carried out by Hambly (1969)
in his biaxial apparatus, under plane strain conditions indicate
the existence of constant (?45) contours in the (5%, g¥) space
(wheret = &'~ &3’ , 8 =@E+63)/a,U% = € tey and ¢* = €)~E5 ).
Further experimental information from the biaxial machine 1s needed
before a correlation between these results and the author's
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triaxial test results can be fully explored.

7.2.10 A special type of test where the total strain ratio
(P/e) is equal to the strain increment ratio (¥/dg
for the first group of streéss paths from 90 psi isotropic

stress

The experimental observations during drained triaxial tests
provided in the previous sections were confined to linear imposed
stress paths; the strain paths were observed to be convex in
(Y, €) space. The results of three tests in which linear strain
paths, rather than linear stress paths, were followed will now be
discussed. 1In contrast to the anlsotroplc congsolidation paths
(i.e. linear stress paths) in which.g/ﬁ-— 7@@ = q_(a constant) in
these tests 'U/é = J?ée_ (a constaqt) These tests are now
defined as constant Z’ tests. The stress and strain paths |
followed by three specimens in constant Z’ tesls are shown in
Pigs.7.27 and 7.28. It can be seen that the stress paths of
these specimens ( BN, BT and BS) are coanvex to the p-axis in (g,p) |
space and are similar in form to the strain paths followed by |
constant (diﬂik) tests in ( Y, € ) space. It is evident in Pig.

7.29 that the constant (%/p) contours obtained from the points
plotted on this diagram for specimens BN, BT and BS all lie on

the dotted line contours which have been transferred from Fig.7.3
and, of course, refer to specimens with linear stress paths,

Hence these specimens have the same (Q/P;U,E.) surface as that for
the specimens sheared with linear stress paths from 90 psi (see
Pig.7.3).

7.2.11 The (p,q, ) surface for all tests from 90 pei with the
first group of stress paths

The contours in g, p stress ppace corresponding to constant
volumetric strain are similar to the undrained stress path from
90 psi isotropic stress as shown in Fig.7.30. Hence for specimens
sheared from 90 psi isotropic stress, the state surface relating
(p,q and1r) can be obtained as follows. In Fig.7.31 the undrained

stress path AB can be expressed as
{
b, -ﬁ@) 7.3

i.e. k{:: 1?; \:CrD where FCYD —%100

Assuming the similarity of constant volumetric strain contours and

U = \«ij (H'e") 7.9

i+ el

defining 15 as



|
\ — > P°
where Co- S < A4 7 (/P/OB 7. 10

From equations 7.9 and 7.\0

H,/lpo = exp (l_:&g:) (!-— .:xF(_fu)ﬂ 7. M

eliminating ?g from equations 7.® and 7.1l therefore

b= b, Cexi’{(\;&)O‘ xp (41;))] F(\D 7.1

FEquation 7.\2 defines the state boundary surface relating g,p and

15 . This equation may be written in the form

v = ‘&"‘)E_ (1%53&'3{@ \i(q) ﬂ | 712

and when this equation is combined with equation'T.l it follows
that

c = Wm-ZW &an*(%eJ@“? g%q)ﬂ 7.l

Equations 7.13 and 7. fully describe the stress—strain
behaviour in terms of total strains. While equation 7.[3 is
identical with the state boundary surface used by Roscoe and
Poorooshash (1963), equation 7.4 is only a special case of their
incremental stregs-strain equation 7.! , coupled with ﬁhe equation
7.13

7.5 The second group of imposed stress paths which lie‘throughout

below the state boundary surface.

Five different types of imposed stress pathe which cause the
gtates of the specimens 10 remain below the state boundary surface
will be consgsidered in the following subdivieions of this seciion.

7541 Spgcimens sheared under swelling conditions (diﬂiO) and

with increasing stress ratio .

The experimental observations on five specimens BU, T15’ Bw,
DA and DC will now be discussed in detail. The stress paths for
these tests are represented by the dashed lines in Fig.7.3%2
together with contours of constant shear strain as shown by the
continuous curves. Test TB is an undrained test and like the

three specimens BOU, T15 and BW were sheared from an isotropic stress
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of 90 psi along the stress paths indicated. samples DA and DC
were lgotropically swollen back to stresses of 66 and 30 psi
respectively and then sheared along stress paths labelled DA and
DC.

It will be shown later (in Fig.7.35) that the shear strains
experienced by these specimens are of a much smaller order fTor
a given stress ratio than those experienced by specimens which
contract in volume when gheared from the normally consolidated
state. In Fig.7.32 the shear strain contour corresponding to
€ = 0.2 p.c. is approximately helf way between the isotropic
swelling line (i.e. the p-axis) and the current Hvorslev failure
envelope. This would imply that the sample is virtually rigid
in distortion for stress levels below this contour. Furthermore
the shear strailn contours appear tc be épaced on a logarithmic
space in the stress plane, If an empirical eqguation is derived
to represent any one contour then from the geometrical similarity
of the contours thiseguation could be generalised to give an
eXpression for the shear strain & in terms of the stresses g and
p for all stress levels up to failure.

The corresponding contour of constant vold%;tric strain for
these five tests are indicated in Fig.7.33. The datum for the
volumetric strains recorded for all the tests is taken as zero
at the maximum preconsolidation pressure (90 psi). It can be
seen that the contours in Fig.7.33 are vertical throughout thne
observed range for all the paths thereby confirming the elastic
wall concept of the Cambridge theories. However Tfurther experi-
mental evidence 1s required to satisfactorily complete the upper
ends of these constant volumetric strain contours in regions of
high stress ratio near the undrained { ¥y = o) contour. Since
no contours can cross, the upper ends of the contours for small
values of Y have:§§etched in convex to the p-axis as shown in
Pig.7.33. Figs.7.34 and 7.35 show the volumetric and shear
strain contour for stress paths lying outside, as well as inside,
the undrained stress path. The volumetric strain contours in
PFig,7.34 for the paths outside have been taken from Fig.7.30 and
inside from Fig.7.33; it is evident that they are quite different
in shape. Thus depending on the type of test, the deformation
characteristics of the specimens can correspond either to those
predicted from the state surface for the normally consolidated
region (where the specimens contract) r to those predicted for
the overconsolidated state (when the specimens expand). The
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deformation characteristic will change from that corresponding to tke
normally consclidated region to that corresponding to the over-
consolicdated region at any peinton the state su}face when the
imposed stress path is directed inside the current volumetric
vield locus. When k =z o the current yield locus through a point
on the state boundary surface coincides with the undrained state
path through that point. The converse is only true when the
stress path is directed outside the current volumetric yield
locus that passed through the state point at which the state path
of the specimen first began to go below the state boundary sur-
face. A similar argument is relevant for the incremental shear
strain contours in Fig.7.45,.

7.5.2 Btress-strain behaviour of overconsclidated specimens
sheared under contracting conditions (V=2 ) and
with increasing stress ratio ( SN >© )(Second Group)

The results of nine tests (Cz, CX, To,s DAy, BH, BD, BJ, CY
and TS) on specimens of Kaolin "overconsolidated" from 90 psi are
now presented and discussed. The stress paths followed by these
specimens are shown in Fig.7.36. The stress path TS corresponds
to an undrained test on a "normally consolidated" sample from an
o4 and
CZ refer to undrained tests on specimens overconsolidated from a

isotropic stress of 90 psi. The stress paths CY, BH, T

maximum preconsolidation pressure of 90 psi, to isotropic stresses
of 70, 856, 30 and 8 peli respectively. The stress paths BD and
BY correspond to a fully drained test ( with constant Cell pressure)
and a test with an applied stress path of slope 1.5 respectively.
on specimens overconsolidated from an isotropic stress of 90 to

an isotropic stress of 56 psi. The stress path CX corresponds

to a tést with applied stress path of slope d1“b= 1 on a specimen
previously overconsolidated from an isotropic stress of 20 psi to
30 psi. The stress path DAl corresponds to a test (with applied
stress path of slopedmﬂk= 2.5) on a sample previously overconsolis
dated from 90 to 30 psi. The shear strain contours of 0.2, 0.5,
1, 2 and 3 p.c., for all the nine tests described above are alsc
shown. The shear strain contours are noted to be smooth and
continuous for all the nine tests which included both lightly and
heavily overconsolidated samples. It is also noted that the
shear strain contour corresponding to 0.2 p.c. is approximately
halfway between the p-axis and the Hvorslev failure envelope.

This implies that the shear strains for deviator stresses of less
than half peak value are quite small. For the heavily
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overconsolidated specimens the shear strain contours may not be
valid for stress paths in whichﬂhﬁ$ is small. , For a detailed
analysis of the shear strain contours in the heavily overconsoli-
dated region additional experimental observations are required.
These experiments should include (i) anisotropic consolidation
teats for stress paths lying ingide the state boundary surface
and (ii) stress probes at various levels of stress ratio, to
determine the directions of strain increments and their magni-
tudes for different directions of stress increments.) The
volumetric strain contours for all the stress paths shown in
Fig,.7.36 are presented in Fig.,7.37. The congtant velumetric
strain contours are found to change in shape from that of the

undrained stress path (15 = o) through the maximum preconsolidation

presgure, as the overconsolidation ratio is increased. The
constant volumetric strain contours can be used to obtain the
unique surface relating (q,p and® ) for stress paths lying inside
the state boundary surface.

The contours of shear strain for "overconsolidated" samples
which expanded during shear (shown in Fig.7.32) are superposed
on those for gamples which contracted during shear (shown in
Pig.7.36) in Fig.7.38. In FPig.7.39 the volumetric strain
contours of Figs.7.33 and 7.37 are superposead. The two types
of contours, though appearing to be similar, are not identical.
This difference in behaviour, may in part be due to the effect

of anisotropy and in part due to nonuniform straings in the

specimens which expanded. Experimental cbservations were provided

in Chapter 3 to illustrate that the strains were anisotropic
during swelling under isotropic stress conditions. (Further

| experimental and theoretical investigation is needed before the
possible correlation that must exist within each family of con-
tours with some fundamental soil constant or with the Hvorslev
envelopes discussed in Chapter 5.)

7.3.% The stress-strain behaviour of specimeng sheared with
gtress paths where 4N >0 | with o9 <o and dp<o
(Second Group)

Experimental observations provided in the previous sectlons
are such that the shear strain € is always assoclated with stress
paths where the deviator stress g was increasing. However it is
possible to impose stress paths with decreasing deviator stress
and cause positive shear strains. Typical stress paths of this
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type were shown in Fig.6.9§(a)(b) and (c) and were discussed in
detail 1n section 6,9, In Test T17 the shear strain ¢ was
small when the deviator stress g was decreased from 30 to 20 psi,
during which there was an increase in (9fp) from 0.33 to 0.4.
However when the deviator stress was further decreased from 20
to =211 psl with an increase in stress ratio from 0.4 to 1, very
large shear strains were experienced by the specimen. During
this phase of shear, when the deviator stress q was decreasing
and the stress ratio (%/p) was increasing energy was released
from the specimen and was dissipated in plastic shear deformation.
This phase of deformation is therefore unstable. The same
Sp801men, Tl?’ was then sheared along the stress path B.A (see

11

1g,695(a)) retracing the original path AB., with the deviator

'stress g and the mean normal stress p nowllncr6331ng and the
stress ratio (%/p) being reduced. During this phase of shear
the specimen was found to undergg positive volumetric and shear
strains as indicated in Figs.6.9, (b) and (c) respectively. In
this cycle ABlAl the specimen experienced shear distortion of
the same sign both during the removal and the reapplication of
deviator stress, which corresponded to an increase in (ifb) and
a decrease in (9[p) respectively. Hence for stress paths of the
form indicated in Fig.6.9 (a2), 1t is not possible to define a
single yield surface, which is relevant to reversal of stress
paths of the type described. At present the author has not
sufficient information to define the general pattern of the
stress-strain behaviour, and consequently to plot veolumetric

and shear strain contours within this region of the stress plane.

The specimen T17 was subsequently subjected to stress cycles
A*B“%?AB and A5B4 The magnitudes of shear strains experien~
ced by the sample during these subsequent stressg cycles were small
compared to those in the stress cycle ABiAl, even though the speci-
men was subjected to the same increase in stress ratio for all
stress cyclesg. This indicates that most of the yielding takes
place during the first cycle of stress, and the subsequent cycles

produce only small strains.

Te3.4 The stress—-strain behaviour of specimens sheared along
stress_pathg with dn<o. d9<o ana dp <o (second
Group of stress paths)

The strains are only recoverable in a region in the stress
domain in which drlso , d7 <o and o&[:. <o. In this section,

the stress-strain behaviour of specimens previously sheared to
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gtress ratios Q‘ of" 0.34, 0.47, 0.58, 0.64 and 0.75 and subse-
quently unloaded along stress paths with JQ‘:i ' Acl<:° and
cﬂ#<:o are presented. The stress paths followed by the speci-
mens are illustrated in #igs.7.40(a) to (e), in which the specimens
are always unloaded from state points such 'as A which is always
on the state boundary surface. A separate specimen was taken
to each state point A and subsequently subjected to stress paths
which are numbered in the order in which they were traversed.
(The results of the reloading stress paths are presented in
section 7.3.5.) Stress ratios lower than 0.34 are not con-
sidered for the reason that the magnitude of recoverable shear
strains are small at low stress ratios. The (g, e ) characteris-
tics of the specimens are illustrated in Figs.7.41{(a) to (e).
In each of these figures the (g,< ) characteristic is observed to
be approximately unigue and independent of (dihp), during the
phase in which g and p are reduced. However it must be empha-—
sigedthat there is a different unigque curve for each initial
state point A on the state boundary surface. It will be noted
that as the stress ratio corresponding to this initial point 4
is increased the scatter of the (g, &) data for all the stress
pathe from that point A increases in magnitude. For example
the curves in Figs.7.41(b)(c) and (e) represent the upper and
lower limits of this scatter. ‘
Considering the scatter in the results of the recoverable
shear gtrains, the author decided, on the evidence from scanning
electron micrographs of the development of particle orientation,
to use the lower limit of the (q, & ) characteristic for further
analysis. These results are replotted on a semilogarithmic
scale (&, log q) in Figs.7.42(a) to (e). It was found that
corresponding to each stress ratio, from which ¢ and p were
reduced, there is a unique straight line describing the re-
coverable shear strain in an £, log g plot. The slopes of
these lines, which are obviously a function of the stress ratio
Mg of the starting point A on the state boundary surface, are
plotted against*‘Ls in Fig.7.43. It is interesting to note
that a2 linear relationship exists between these slopes
and M - Also this relationship indicates that this slope is
zZero when QS = 0 corresponding to swelling under isotropic stress.
The (p,as) characteristics of the specimens will now be
considered. These characteristics are presented in Figs.7.44(a)
to (e). It is noted that corresponding to each initial stress
ratio VZS (from which the stresses were reduced), a unique
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relation exists between p and 15 independent of the deviator
stress and the direction (diﬁk) in which the stfesses were
reduced., These results are replotted on a semilogarithmic
(v, log p) scale in Figs.7.45(a) to (e), where the variation
of v is found to be linear with log p. The slopes of these
atraight lines are approximately constant and are therefore
independent of the previous stress ratio to which each of these
specimens was sheared. ' '

(It would be interesting to know the conseguences 1if the
deviator stress were further reduced (i.e. below zero), so that
the specimen was sheared in extension while swelling. Such
experiments would indicate whether there is a discontinuity in
the stress-strain curves as the deviator stress reverses in sign.
Tf there is no discontinuity in the (g, €) characteristic then it
would be apparent, that the shear strains recovered during the
phase in which the deviator stress was reduced are not truly
elastic strains.) The recoverable volumetric and shear strains
denoted by Vs and <y, are measured from the datum corres-
ponding to the maximum stress ratio (i.e. the maximum deviator
stress g and maximum mean normal stress p for the initial
state point A on a state boundary surface.

Then B = Ky degq (\7‘,3 7.5

s

and ng - \(z(rlg &03(%:) 7.1G

kl being a constant of magnitude 0.02°  and kz ig also a constant.
Differentiating equations 7.15 and 7.1¢ it can be shown that

the ratio recoverable strain rates is given by

(gl; = K { d

N D 717
aed = 1w (Vi)
(g\_‘\; < 7.1%

1= (Ve |

where W= .Eg 5 G*F
Kquation 7.1%3 ?ndicates that the ratio (:fé )YOf the recoverable
straine is also a function of the stress ratio and the stiress
increment ratio. This property was shown to be true for the
deformation characteristic of normally consolidated clay (see
seetion 6.3.9). Also the above eguation indicates that for

anisotropic swelling under constant stress ratio fl the ratio
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( dﬂygexv is a constant and is dependent only on the stress ratio
ﬂs from which the stresses q and p are reduced1 The deformation
characteristics described by equations 7.1S and 7.1 are different
from those of overconsolidated clays of the type dicussed in
sections 7.5.1 and 7.3.2. The magnitude of the shear strains
experienced by this type of overconsolidated clay is considerably
higher than the magnitude specified by equation 7. 16
Also from equations 7.,1% and ’?.16

T =" G‘—XFC o KQ) 7.19

Equation 7. |9 describes the relationship hetween the stress ratio
N and the strains €. and Uy,. It is seen that this relation-
ship describes a surface in the 3-D space ( 1 » E;g and Uy ).
The shape of this surface is dependent on the parameter Qs .

The relation 7.19 may be compared with equation 7.l for normally

consolidated clays, which is

Yo+ 2(R) v 7.1 bis

7.%.5 The stress—-strain behaviour-of speclmens during reloading
(Second Group)

Tt has already been shown in section 6.6 that the (g, €)
characteriatics and (p,q ) characteristics of specimens for
stress paths where g and p are reduced are different from the
corresponding characteristics obtained by retracing the same
stress path with increase in g and p. The stress-—strain
hehavieur during the phase in which g and p are reduced is dealt
in the section 7.3.4. In this section the (q, £) characteristics
and the (p,95) characteristics during the reloading phase in which
1 and p were incressed are presented and discuassed. The reloading
stress path commences approximately at zero deviator strese, the
corresponding mean normal stress being denoted by h* . The
specimens are reloaded to five different stress ratios, as shown
in Figs.7.46 to 7.50 inclusive. In each figure the letters
B,C,D.... indicate the initial stress level, from which the
specimens are reloaded and A corresponds to the state point on
the state boundary surface to which the specimens are reloaded
and from which they were previously unloaded. The volumetric

oWvys . .
strain cont&&ﬂs ( measured from new datum points corresponding
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to the initial stress state B,C,D....) are shown in Figs.7.51 to
7.55 inclusive. The contours are for volumetric strains of
0.1, 0.2, 0.5, 1 and 2 p.c. respectively, for each of the Tive
specimens. These results indicate that for specimens reloaded
from the stress states 2,C,D... to A, a unique relation exists
between the volumetric strains and the stresses g and p. The
variation of 18 with p for each path is shown in Fig.7.56 to 7.60
inclusive, and is linear with constant slope for any particular
Vls . (Where g 8till refers to the point A.) Hence the
volumetric strain contours during reloading can be approximated
by the egquation

V= \CB (_P‘Fu) ’?V.ED

where k., igs a function of the maximum stress ratio qs . The

3
variation of Kg with N _ is illustrated in Fig.7.61. Despite

some scatter the results indicate that

k3= ‘g(n;) 7ol

The equations 7.RW0and 7.21 are only approximate relations that
describe the variation of volumetric strain with pressure during
reloading of specimens which have been initially subjected to a
maximum stress ratio ﬂs .

The corresponding shear strain contours of the specimens .
whose stress paths are illustrated in Pigs.7.46 to 7.50 are
presented in Figs.7.62 to T.65. If these shear strain contours
afe assumed to lie approximately along lines of constant stress
ratio, then the magnitude of shear strain during reloading can be
gxpressged as

< = SS (Q_s.,..q) 7,22,

Fig.7.66 gives the (3%,EL) characteristics of the specimens when
reloaded to different stress ratios 1 . In this figure the
(YL)E.) relation is found to be dependent on the values of Qs .
No simple relationship is evident between ¥ , € and ns .

7.%.6 The stress-strain behaviour of specimensg sheared along
stress paths with dg<o, ¢pZoand l""z/df’f > (sl where s

is the slope of the current volumetric yield locus.

(Second Group)

The type of stress paths which satisfy the conditions
specified above are paths which have been directed inside the
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current volumetric yield locus (which coincides with the conven-
tional undrained stress path if k = o) in the (q,p) plane in a

direction in which g was decreasing and p was increasing.

During the application of these stress paths the specimens
experienced volumetric strains which were very much higher than

the corresponding elastic component. In this section the }
volumetric and shear strains experienced by samples (CT, CR and .
BU) when sheared along three stress paths, as indicated 1in ; i
Fig.7.67, are presented. The datum for sirains is taken as zero
at the initial state point A on the state boundary surface. The
volunmetric strain contours are shown by dashed lines in Fig.7.68.
: ) 1t is noted that these volumetric strain contours are different L
in shape to those presented in section 7.3.1 which were deduced |
from specimens which had been sheared with an increase in stress
ratio. The volumetric strain contours shown in Fig.7.68 would
seem to intersect the current yield locus passing through A.

The zero volumetric strain contour in Fig.7.68 can be expressed
as |

Ci = h; 4:21) 7.23

where Pé corresponds to the isotropic stress at which the zero ‘
volumetric strain: contour: meets the p axis. The variation of o

the volumetric strain with Py is illustrated in Fig.7.69

where v = Ns h-_,(*t- kG T.24

where k5 and k6 are constants. |

The equations 7.23 and 7.24 approximately describe the
volumetric strain contours plotted in Fig.7.68. The constants
K5 and'k6 may he functions of the stress ratio Qg from which
the deviator stress was first unloaded. '

The shear strain contours for the three specimens are shown
in Fig.7.70. In this Tigure the shear strain contours approximate
to the horizontal indicate that the shear strain is only depen-
dent on the deviator stress and 1s independent of the mean normal
stress p. The (q,,E ) relationship as obtained from the constant
shear strain contours are replotted in Figs.7.71 and 7.72, in the
(9,€) and ( £, log q) plots. The shear strain & varies
linearly with log q and therefore can be expressed as

€ = Fu de (%) 7.25 !

where k7 s & constant .
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7.4 The third group of stress paths for which db>o ang Q>°{?/‘{{>7S

where S is the slope of the current yield locus

The stress paths of the type specified above are shown in
Fig.?.?%i These paths all start from a point A on the state
boundary surface which they reached by being sheared under con-
stant p CORQltl@ﬂS from an isotropically consolidated state at
90 psi. These paths lie between the downward tangent to the
yield locus through A and the constant K line through A. For
these paths the ratig (dvﬁkg) of the strain increments were found
to be greater than those corresponding to the constant stress ratio
line through A. The volumetrlc strain corresgponding to these
paths were predicted in section & using the state surface formed
by the undrained stress paths. Excellept agreement was observed
between the experimental volumetric strains and the predicted
strains as shown in Figs. 6.71 and 6.73. Hdowever tne predicted
shear strains (from equation 6.73) using the values of (dﬁhe)
obtained from anisotropic consolidation tests were greater than
the experimentally observed shear strains. The magnitude of
(dvfdd corresponding to any particular values of (dﬂﬂf) wag found
to be a constant as shown for specimens CF and TlB in Pig.6.46.
Hence for stress paths applied in this region it is reasonable to
assume that (dvﬁug will only be a function of (daﬁ#J at any par-
ticular stress ratio but further data is reguired to confirm this.
The shear strain, € 1in relation to that-for stress paths in
which YL was increasing, was found to be small,

7.5 ©Concluding Remariks

The main conclusions for each section have been pressnted
at the end of each section but they will be presented in Chapther
8 in summary form and briefly discussed in the light of all the
evidence presented in this thesis.
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CHAPTER 8

CONCLUSTONS AND RECOMMENDATIONS -

ICR _FUTURE RESEARCH

8.1 Conclugions on Chapter 3

8,1.1 One dimensional congolidation using the lead shot

technigue for measuring local strains

The friction measurements carried ocut during 1-D consoli-
dation indicates that the percentage of locad lost in friction
can be reduced to as low as 10 p.c; by lining the inner surface
of the consolidometer with a rubber membrane lubricated with =a
thin layer of silicone grease.

. The local measurements of gtrainsg Earried out with the lead
ghot technique show that the consolidation was uniform through-
out the sample for the first increment of stress, when the clay
(initially in the form of a slurry (160 p.c. m.c.)) was consoli-
dated to about two thirds of its original height. Hor subse-
gquent stress increments elements of clay nearest te the free
draining surface were found to experience less conscolidation
than elements further from it.

The changes of overall avergge volds ratio as computed by
summing the local values obtained from the local measurements of
strains were in excellent agreement with those determined directly
from the boundary measurements, at all stress levels.

The observed local voids ratio changes with time, when com-
pared with the corresponding theoretical values as derived from
the Modified theory of consolidation of Davis and Raymond (1965)
(using the numerical procedure oqRichart (1957)) illustrate:-

(i) The observed local voids ratio was in good agrecment with
the theoretical predictions for the top half of the specimen

which was close to the free draining surface.

(ii) For elements far from the free draining surface the experi-

mental observations deviated from the theoretical predictions.
The pore pressure isochrones determined from the local

measurements of volds ratio were similar to those observed by

actual local pore pressure measurements by Burland (1967).

8.1.2 Isotropic consolidation and swelling

For specimens contained between frictional ends, the axial
and radial strains were found to be nonuniform during isotropic

congolidation. With the use of lubricated ends this nonuniformity




in strains was reduced to a minimum, In both specimens the
local volumetric strains were observed to be uniform throughout
the sample.

The overall average voide ratioc changes computed from the
local meagurements were in excellent agreement with those com-
puted from the moisture content determination and the burette
readings.

For isotropic stresses of similar magnitude to the initial
one dimeﬁsional stress, the strains induced by increments of
isotropic stress were found to be anisotropic. However for
specimens which were isotropically consolidated to approximately
three times the initial one dimensional stress, the efiect of
anisotropy was found to be small. |

Experiments performed on 4 inch diameter samples showed
that the axial and radial strains were uniform, but not equal,
during swelling uﬂder iéotropic stresses.

8,1.3 The displacement patterns and strain distributions

during shear

The effects of end restraint on the axial and radial strain
distributions were determined for 1.5 inch diameter specimens
contained between (1) frictional ends and (ii) lubricated ends,
in each case during a fully drained test (JiﬂiF = 3) and during
an undrained test. The strain distributions plotted for all
increments of stress up to failure showed that (i) marked non-
uniformity in the strain developed in the specimens contained
between frictional ends and (ii) substantially uniform strains
(up to about 75 p.c. of the peak stresses) occurred throughout
the specimens contained between lubricated ends.

A detailed investigation of the displacement patterns and
the strains distributions on 1.5 inch diameter and 4.0 inch
diameter samples both in compression and in extension indicated
that (i) the axial and radial displacement patterns of the
markers varied linearly with their vertical and horizontal
positions respectively (ii) the axial and radial strains were
moderately uniform up to about 75 p.c. of the peak stresses
(iii) the principal axes of the local strains were coincident
with the vertical and horizontal axes of the specimen (iv)} the
overall average axial and volumetric strains computed from the
local strain measurements were in excellent agreement with the

overall average measurements conventionally measured using a dial
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gauge (for change in length) and a burette (for change in volume)
(v) the local gtraing in the grids of the 4 inch dlameter sample
when plotted in the form of a histogram (i.e. the local strains
number of grids) approximated to a normal distribution curve for !
each increment of stresses up to the peak value.

The local measurements of strains carried out on 1.5 inch
diameter and 4 inch diameter on normally, and on lightly and |
heavily overconsolidated, samples revealed similar behaviour to
that presented in the preceding paragraphs.

During progressive failure in compregsion, rigid zones were
found to develop a2t the two ends of the specimens. These observed
rigid zoneg, were symmetrical about the axis of the sample and
were found to subtend an angle of approximately q: = 20°
with the end plattens. Theoretical analysis carried out by
Haythornthwaite for triaxial compression tests predicted the
Tormation of rigid zones, the boundaries of which subtend an
angle with the end pléttens of (45 +4}£ ). No rigid zones were i
observed during progressive failure in extension tests, though
Haythornthwaite's analysis would predict the formation of rigid
zones subtending an angle of (45 -CEE) with the base.

8.2 Conclusions on Chapter 4

8.2.1 The effect of initial moisture content of slurry on

the stress-strain behaviour

The stress-strain behaviour and the (?4E , %%5) characteris-
tic of remoulded specimens were found to be dependent on the
initial moisture content of the slurry from which the specimens
were prepared. Thege effects became more marked as the initial
moisture content of the slurry was made less than twice the liquid
limit,

8.2.2 The effect of initlal 1-D stress on the stresg-strain

behaviour

Fully drained compression tests (with constant cell pressure)
on specimens prepared under different initial 1-D stresses and
subsequently consolidated under the same isotropic stress showed
that the (Cfft,, v ) characteristic, the (‘E/(, ,£ ) characteristic
and the (%& ,%ﬁ) characteristic were dependent on the magnitude
of the initial one dimensional stress. However the stress-strain
behaviour of all these samples was found to be unique for shear
stresses greater than had been imposed during the initial 14D

consolidation.
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A set of undrained samples prepared in a similar manner
showed that the (3fp, € ) characteristic was unigue at all stress
levels but the (1@E,Hﬁe) characteristic depended on the initial
1-D stress. However this latter characteristic was found to be
unigue for shear stresses in excess of those imposed during the
initial 1-D consolidation.

8.2.3 The effects of subsegquent lsotropic consolidation on

the stregs-gtrain behaviour

The stress-strain behaviour and the (?h;ﬁﬁg) characteristics
for three types of tests (an undrained test, a constant p test
and a fully drained test With'aqhb= 3) on specimens prepared with
the same initial one dimensional stress condition and subsequently
sheared from three different isotropic stress levels were studied
in detail.

The observed (i@ , € ) characteristic for undrained tests
was found to be independent of the previous isotropic consoli-
dation stress level, However the (?@e,v¥e) characteristics
for these undrained tests were found to be dependent on the extent
of the preliminary isotropic consolidation. A method based on
the initial shear stress (as described in the preceding section)
was suggested for the correlation of these results to give unique
vehaviour in the. (?/‘: P/Pe ) space.

The (/l° , V), (‘i/l, &) and the (q/Pe "/fe) relationships for
the constant p tests and the fully drained tests were also found
to be dependent on the magnitude of the isotropic consolidation
subsequent to the initial 1-D stress prior to shear. These
results were also correlated successfully to give unigue behaviour.

3.2.4 The effects of time on the stress—-straln behaviour

The deformation of Kaolin is considered in two phases; a
time dependent phage in which the effect of time under constant
applied stresses is predominant and a time stable phase in which
the effect of time can be accounted for by using logarithmic
relations (e.g. (£, log t) and (v, log t)). The stress-strain
behaviour of constant volume tests indicate that in the time
dependent region, a unique relationship exists between (g,u, £and t).
For creep tests performed on specimens under undrained conditions
with constant deviator stress, this relationship was studied by
considering any one of the following four projections in the 3-D
space relating (a) q,u and & (b) g, € and t (¢) u, & and t and
(d) q,u and t.




For tests, in which the specimens contract, with stress
increments applied at intervals of time which are longer than
required for pore pressure dissipation, it was sﬁown that the
behaviour of the specimen was unique in the (%@ sU ), (?p,E )
and (%é ,b}t) gpaces. However in the time stable region the
shear strains and the volumetric strains at any particular stress
ratio were found to vary logarithmically with time. The rate
of deformation.aeﬁm&qq was found to be a linear function of the
stress ratio VL and the rate of volumetric strain dv{d(&qt)
was found to be a constant for a given stress ratio. Thus the
strain rate (div&d in the time stable region was only a function
of the stress ratlo TL . The incremental stress-strain theory
of Roscoe and Poorooshasb which was essentislly derived to des-
cribe the stress-strain behaviour in a continuous test, was then
modified to include the effects of time in the time dependent and
the time stable regions.

8,2.5 The effects of local increment size and other miscel-

laneous factors on the stress—sirain behaviour

The stress-strain behaviour of drained test (dgfdp = 3)
specimens was found to be dependent on the load increment size
and this effect was shown to be entirely due to the difference
in stress paths followed by specimens which had been sub jected
to different load increment sizes. The load increment size was
then reduced to such an extent that its effect on the (g, &)
(g, ) and (?@e ,bﬁﬁ) relationship during any application of
load was within the limits of the experimental accuracy. This
size of load increment was subsequently used in all tests in
which the effects of stress paths were investigated.

Exberiments performed on 4 inch x 4.5 inch samples indicated
the same stress-strain behaviour as the 1.5 inch x 3 inch samples.
This would imply that the stress-strain behaviour described in
this dissertation is independent of the sample slze.

8.3 Conclusions on Chapter 5

The investigation of the conditions at peak stresses showed
that the peak stress envelopes in the (q,p), @$E;,B ) and
(«~€¢. 9. ) spaces coincide with those of the conventional critical
state line for tests covering a wide variety of stress paths
where ,?‘F“’o 21 . However for valuesof ta‘/’;,ﬂ-r. { the peak stress
points were found to-lie on a Hvorslev type curve in the
(:2¥£ , E;o) gpace. This curve has a unique projection in the

o
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(456{;, %$ ) and (=g , ?ﬁ%) spaces respectively. For specimens
which experience only elastic volumetric changes from stress states
with YLyt) it appears that a series of parallel curves (starting

from the original unique envelope) exist in the (&€ ,'h/&) and

(e, ?ﬁf) spaces. Further experimental work is needed before
(-]

a proper interpretation can be made of these parallel curves.

8.4 Conclugsions on Chapter 6

In Chapter 6 the stress-strain behaviour of Kaolin for all f
possible forms of loadings were presented. The observed strains

were compared with the strains predicted from various strecss-
strain theories which were based on the concept of plasticity

and other postulates.

8.4.1 The stress region in the (g,p) plane in which the
volumetric strains are recoverable

Stress angles applied in all directions in the (g,p) plang
from any initial state point on the state surface, indicated
that the volumetric strains were only recoverable in a narrow

region D,CD, as shown in Fig.6.2(e). Outside this region the ﬁj
application of stress cycles on samples of Kgolin caused ir-

recoverable volumetric strains. According to the Cam-clay theory
and its modiflcation the regions in which plastic volumetric strains '!ji
cannot take place are much wider than the limited zone indicated o 1
in Fig.6.2(e) showing that the yield surfaces predicted by the I '}

above theories are possibly oversimplificsjpions.

8.4.2 The prediction of straing from the Cam-clay theory and w
the Modified theory o

From the data presented in section 6.2 it was seen that
(i) the C-am-clay theory overpredicts the volumetric and shear
strains in all types of tests in which the samples contract and
the modified theory underpredicts the shear strain in all types l
of tests especially in the undrained and constant p tests. The
volumetric strains predicted by the modified theory are in agree-
ment with the experilmental observations. '
8.4.3 The conditions under which the Cam-clay theory, the ‘
Wodified theory and the Revised theory will predict '
identical strains to those of the Roscoe and Poorooshasgh
theory ' ' y
. The stress-strain theory of Roscoe and Poorooshasb was pre-
sented in a modified form to enable it to be compared with the




other theories developed at Cambridge based on an ensrgy balance
and the concepts of plasticity. Conditions were stated and
verified experimentally to illustrate when the Cam—élay theory
or the Modified theory or the Revised theory would predict
identical straine to those of the Roscoe and Poorcoshasb theory.
This investigation showed that while all the four theories could
be expressed mathematically in a similar form it is only the
energy equation used in the Revised theory that can give an
expression which is akhle to predict identical volumetric strains
to those of the Roscoe and Poorooshasb (1963) theory. Also

the additional (constant gq) yield locus, used in the Revised

IS Necessavy .
theory, for successful predictions of shear strains.

8.4.4 The flow rule

OLtExperimental obgervations provided in éection 6.3 illustrate
thatﬂany state point the magnitude of the strain increments
vector (dlv&e) is a function of the stress ratio (/] ang the
stress increment ratio (difdP Y. At constant stress ratio
the relationship between (4v[de) and (41[4P) is approximately
_hyperbolic and this relationship is dependent on the stress
ratio .  The results when plotted in the 3-D space (¥ , d2 |

A
T ) were found to lie on a surface. € 4

8.4.5 The straln increment ellipse for stress lhncrement

vectors of constant magnitude but different directions

For constant stress increment ( g2+ =pb? applied
Y P

in different directions at any stress ratio q,, the strain

. ) . evy
increment vector \/A’U"L-i—égz wag found to lie on the pre-
N

phery of an ellipse. This strain increment ellipse at N=9
has its maJor axis coincident with the v-axis in a (v, ¢) plot.
However as YL increases, this major axis rotates clockwise in
(v, e) space until at failure it is approximately parallel to
the € axis. Assuming that the elastic strains are an order .
smaller than the plastic strains, the strain increment ellipse
indicates that the direction of the plastic strain raite vector
ckvﬁﬁepis dependent, not only on the stresses q and p, but also
on the stress increments A g and .AD. This observation indi-
cates that a single yield surface satisfying the condition of
normality as used by Roscoe, Schofield and Thurairajah (1963a)
or Schofield and Wroth (1968)(i.e. the Cam-clay theory) is not
sufficient to describe the rotation of the plastic strain rate
vector at any state point. The stress strain theory of Roscoe
and Pooroosghasb or the Rgvised theory of Roscoe and Burland
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provides a method which allows such a rotation of the plastic
strain rate vector. ’

B.4.6 The regions in which the stress-strain theory of Roscoe
and Pooroecshashb and the Revised theory of Roscoe and

Burland can predict the same strains as those observed

experimentally

The Roscoe and Poorooshasb theory can predict (i) the
volumetric and shear strains for all paths, with Sr\>c>, that
lie in between the conventional undrained stress path and the
anisotropic consolidation path. (ii) Only the volumetric strains
for all paths that lie between the anisotropic consolidation
path and the downward tangent tc the conventional undrained stress
path. The Revised theory is also valid -for the above two types
of stress paths and in addition is capable of predicting strains
approximately for stress paths which lie inside the state boundary
gurface in a downward direction, Also during reloading on speci-
mens which have been unlcaded under increasing p conditions,
both theories can predict the volumetric and shear strain for all
stress paths that lie on the state boundary surface.

B,4.7 The stress—-strain behaviour of specimens subjected to

miscellaneous stress paths inside the state boundary

surface

The region inside the state boundary surface was divided
into four sections shown in Fig.3.1. The applications of stress
cycles in regions b, ¢ and d show that (1) the deformation is
unstable in region (b) where a cycle of stress causes shear strain
of the same magnitude and sigh both during the phase in which g
wasg decréasing as in the phase in which g was increasing.
(2) The volumetric strains are recoverable and elastic in region
{(c) for small reductions of p and the volumetric strains ave
recoverable but not elastic for large reductions of p. The
shear strains are recoverable and elastic for unloading from low
stress ratios but are neither recoverablie nor elastic for unloading
from high values of stress ratio for this region.
(3) 1In region (d), the application of stress cycles caused large
irrecoverable volumetric strains and small irrecoverable shear
strains, |

8.5 Conclugions on Chapter 7

3 The stress paths are classified into three groups (see I'ig.8.2)




-
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depending on the magnitude of (diﬁip) and states of the specimens
in relation to the state boundary surface. Group (1) of the
stress paths are such that the states of the specimen always

lie on the state boundary surface and TL is always increasing.
Group (2) of the stress paths are such that the states of the
specimen always lie inside the state boundary surface, and
group (3) of the paths is such that the states of the specimen
lie on the state boundary surface but n‘ decreases. Constitu=-
tive equations were proposed to describe the stress-strain

behaviour in each region.

8.5.1 The gtress-strain behaviour of specimens subjected to

stress paths claggified in Group 1

For all specimens sheared from an igotropic stress state
under stress paths of the type classified in group 1, constitutive
equations were developed for the prediction of shear strains and
volumetric strains. These equations gave characteristic sur-
Taces in (%$,15 € ) space, which are displaced along the ¥ axis
depending on the initial isotropic consolidation stress. Speéi—
meng sheared in extension also displayed similar behaviour to
those sheared in compression. The surfaces predicted by the
Cam-clay theory and the Modified theory were found to be similar
to the experimentally observed surface but not identical. The
stregs-strain theory of Roscoe and Poorooshasb and the Revised
theory of Roscoe and Burland successfully predicted the experi-
mentally observed relationships.

8.5.2 The stress—-strain behavicur of specimens sheared under

stress paths clagsif'ied in Group 2

The stress paths classified in group 2, where the states of
the specimens always lie below the state boundary surface were
again subdivided into © types as shown in Fig.8.3.

| In Type (i) tests the'specimens were sheared under the con-
ditions olvl>o and Jdvso. Volumetric and shear strain con-
tours were then plotted in the (q,p) stress plane to describe the
stress-strain behaviour. The shear strain contours were found
to be similar to each other. Hence it was possible to derive
equations to describe the shear strain. The volumetric strain
contours were Found to be vertical for all stress levels except
Por those states for which were close to the state boundary
surface,

Similar volumetric and shear strain contours were observed
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in the Type (ii) tests, where the specimens are sheared under
the conditions Aq;>o and AUV 2zo. However these contours
were found to differ from those obtained for the Type (1) tests.
This difference is, in part attributed to the anisotropic defor-
mation of ¥Xaolin and in part to possible experimental errors
for the specimens sheared under Type (i) stress paths.

The stress—-strain behaviour in the Type {(i1ii) tests (where
Aq= O, <pb=o and .d-._% 2o ) is shown tc be unstable since
the specimens were capable of experiencing positive shear gtrain
for all the stress states in a closed cycle of stress. The
author did not obtain sufficient information to plot strain
contours in this region of the (q,p) stress pilanes.

For the Type (iv) tests where the specimens were subjected
to stress paths with «A9=so < p<£o and 4 ‘2/’)50 , the volumetric
and shear strains (¥ and €) were found to vary linearly with log p
and log g respectively. Equations were derived to describe those
variations and the-éxpressions relating volumetric and shear
.strains were found to be''similar to those for the Group 1 stress

e Volumetvic stvains

paths andAcould be prédicted by the Cam-clay and the Modified
theories. '

During shear under Type (v) stress paths where the specimens
were reloaded under the condition A9 >0, 4.‘:>o, < 7/{, >0
the volumetric and shear strain contours were plotted and equations
are derived to describe the variation of strains with stresses.

For the Type (vi) tests, where the specimens were sheared
under the condition Av 2o, Jdg<o and dp>o volumetric
and shear strain contours were plotted and egquations were derived

to describe the strains in terms of the stresses.

8.5.3 Stress-strain behaviour of specimens sheared under stress

paths clasgified in Group 3

‘ 3ince the states of the specimens lie on the state boundary
surface for all stress paths of this type (see Fig.8.2), the
volumetric strains can be predicted from the stress-strain theory
of Roscoe and Poorooshnasb and the Revised theory of Roscoe and
Burland. However the shear strains observed experimentally were
smaller than those predicted from the above theories. The magni-
tudes of (4V/ie for this type of stress path were found to be a
function oftiqhkand qfﬁ. Further experimental investigation 1is
needed to explore the exact relationship between dmrJ g&j anodt 2

in this region. N d+ h




Recommendationg for further work

I'rom the conclusions stated above it 1g evident that the
stress-strain behaviour is broadly dependent on the stresces
and is independent of the imposed stress path followed within
the specific regions delfined by the author. The author's
experimental observations, though they cover all the possible
forms of stress paths, arec ncet complete. ilany more tests must
be carried out in which stress probes are applied to samples in
initial states below the state boundary surface. The author has
indicated the additional instrumentation and the experimental
work reguired for future regearch under the various relevant
gsections in each chapter. The critical state parameters are
found to be satisfactory for the description of the stress-strain
‘behaviour in Group 1 tests, However the fundamental parameters
that govern the behaviour of the specimens in Group 2 and Group
3 tests need further exploration.




Stress 6.2
Increment to
psi 12.2
Duration

of Time 2

(days)

Voids 2.16
ratio to
Change 1.95

12.2
to
24,7

1.95
to
1.75

24,7
to
48,5

1.75
to
1.50

(a) Perspex Consolidometer.

Stress 5.6

Increment to

psi 11

Duration

off Time 3
(days)

Voids 2,38

ratio to

Change 1.96

(b)

Stress 5.8

Increment to

psei 11.6

Duration

of Time 2
(days)

Voids 217

ratio . to

Change 1.975

(c)

Table 2.1 (a) - (c)

Triaxial former

11
to
22

1.96
to
71.74

11.6
to
22.8

1.975
to
1L.772

48,5 0.7
to to
96 .7 48.5
3 1
1.50 1.304
to to
1.304 1.31

Test Designation H

88,6
to
44,2

1

1.532 1.325

22 44,2
to to
44,2 88,6
2 1

1,74
to to

to

1.532 1.320 1.34

Duralumin Consolidometer.

22.8
to
45,8

1.772
to
1.547

48,5 24,7
to to
24,7« 12.6
2 3
1.31 1.35
to to
1.35 1.39
44,2 22
to to
22 11

1 1
1,34
to to

1.379 1.419 1.4585

Tegst Designation L

45,8
to
91.7

1.647
to
1.319

91.7
to
45.8

1.319
to
1.328

Test Designation N

45,8 22.8
to to
22,8 11.6
2 2

1.328 1.360
to to
1.360 1.390

One dimensional Consolidation and

Swelling tests

1.379 1.419

12.6
to
6.2

1.39
to
1.428

11
to

5.6

to

1.390
to
1.418




Stress 24.9 46 .5

increment to to

in psi 46.5 65.9

Duration

of Time 1 3
(days)

Voids 1.581 1.430

ratio to to

Change 1.430 1.342

65.9

88.5

1.342
to
1.273

(a) Friction End. Test Designation J

Stress 25 46

increment to to

in psi 46 67

Duration

of time 4 3
(days)

Voids 1.560 1.418

ratio to to

Change 1.418 1.3353

(b) Conventional lubricated end.

Stress 25 46 .2
increment to to
in psi 46,2 66 .6
Duration

of Time 1 1

(days)

Voids 1.591 1.43%7
ratio to to
change 1.437 1.338

/
(¢) Enlarged end (Lubricated).

Table 2.2 (a) - (c¢) Isotropic Consolidation tests

67
to

1.333
to
1.247

Test Designation M-

66 .6
to
89.2

1.338
to
1.265

Test Designation P
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Test Initial Isotropic Load Voids ratio
Designation 1-D Stress stress inerement &t the end of
(psi) (psi) during Isotropic
shear consolidation
(1bs)
AR 55 60 10 1.343
AB 22 60 10 1.366
AU 11 60 10 1.402
(2a) PFully drained test
Test Initial  Isotropic Load Voids ratio at
Designation 1-D Stress stress increment the end of
(psi) (psi) during Isotropic
ghear consolidation
(1bs)
T7 3 60 10 1.350
T4 22 60 10 1.340

(b) Undrained test

Table 2.4 {a) and (b)

Shear tests on specimens prepared

with different initial one dimensional cons@lidation

=

stress.
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Test Type of Initial Isotropic Voids ratio
Designation test 1-D gtress at the end of
stress (psi Isotropic
(psi) consolidation
0B Drained
Compression 22 30 1.5358
oC Drained 22 60 1.335
Compression
on
Heavily
over
Consolidated
OE Drained 22 30 1.50
Extension
on
Normally
Consolidated
Taple 2.6 Tests on 4 inch dlaméter specimens
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Test Initial Isotropic Voids ratio Applied stress

Designation 1-D stress stress at the end of path during
(psi) (psi) 1~D shear
congolidation

AP 22 30 1.569 2

AX 22 60 1.424 1.5

AY 22 90 1.277 1.5

CU 22 90 1.23%2 1

Cv 22 90 1.242 0.65

CW 22 920 1.191 0.3

Table 2.10 - Other drained tests with dg >o, dp>o and

> 4g
OO/dp>O




Test Initial Isotropic Voids ratio at Type of
begignation 1-D stress Stress the end of test
(psi) {psi) consolidation
* PAL 22 60 1.373 Undrained
BE 22 60 1.366 Applied
atress
path 1.5 f
BE 22 60 1.375 Constant p |
BG 22 60 1.344 Applied .
: stress o
path 3

* PAL, - Test from Loudon (1967)

Table 2.11

Bxtension tests

I
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Test Initial TIsotropic Voids ratio Strain ratio(U
Designation 1-D Stress Stress at the end of c
(psi) (psi) Isotropic (Shear)
consolidation

BN 22 90 1.250 1.36

BT 22 90 1.237 0.66

BS 22 90 1.316 2.0
Table 2.13 Tests with linear strain paths i.e. 'U/e = constant.
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Test Initial Isotropic Applied Voids ratio

Designation 1-D Stress Stress Stress path at the end of
(psi) (psi) during shear Isotropic
consolidation
BU 22 90 -1.5 1.227
BW 22 90 -0.5 1.243
DA 22 56 ~-0.55 1.234
DC 22 30 -0.50 1.307
T15 22 90 -1.0 1.219
Table 2.15 Tests with stress paths where dp<o dg>o and

below the undrained test path in a (p,q) space.




Test Initial Isotroplce Stress level Voids ratio
Designation 1-D Stress Stress (g,p) at which at the end of
(psi) (psi) the stresses Isotropic
are decreased consolidation
T, 22 90 (30,90) 1.294
Table 2.16 Test with stress paths where dp<o, dg<«o and

d(%)?O-
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Test Initial Isotropic Stress 1evef Voids ratio
Designation 1-D Stress Stress (a,p) of which at the end
(psi) (psi) the constant g of 1-D
path is consolidation
commenced
BX 22 90 (4o, 59) 1,238
BY 22 90 (31, 77) 1.254
Ty o 22 90 (30, 90) 1.239
CB 22 90 (20, 83) 1.240
Table 2.18 Constant q tests.
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Al.1l

Al.2

Al.3

Al.4

Al-1
APPENDIX 1

Effects and Elimination of scattered radidtion.

General

Practical Methods of eliminating scattered radiation

Al1.2.1 Increasing the distance between film and object
Al.2.2 Use of filters
Al1.2.3%3 Use of Parallel plate Collimators

Al.2.4 TUse of Moving grids

i) Mechanism to obtain uniform motion

ii) Transmission of Primary radiation

iii) Effect of Lateral decentering of grid

iv)  Effect of Error in focus grid disbance

v) Effect of Combined Lateral decentering
and error in focus grid distance

Tests Carried Out with Bucky grid

Conclusion
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Al-2

A1.1 General

During the passage of radiation through a material medium,
an initially homogeneous beam of rays becomes more and more
heterogeneous due to the effect of scattered radiation. The
scattered rays are of wave length longer than the primary bean
and the effect at any point is due not only to the primary but
also to the secondary radiation.

When a beam of parallel homogeneous radiation passes through
any medium of thickness t, the intensity of radiation falls off
according to the exponential law

T = T, exp(-pt) A=
where M is the total absorption coeffioient of the radiation
in that medium. The decrease in intensity is due to three
rhenomena
(1) the conversion of quanta from the primary beam into
photo-electrons
(ii) the compton effect in which part of the energy of a
primary guantum is transferred to an electron and the
remainder appears as a scattered guantum of lower energy
than the primary
(1ii) the nuclear disintegration which is negligible for all
except the very short radiation

Hence M can be expressed as

K= T+ +68 Al1-2

o,

where 6; referred to the scattered radiation and &, to the
recoil yradiation. If the material is of considerable thickness
the scattered radiation can undergo multiple scattering and absorp-
tion,

Payne Scott (1936) calculated the gquantity and the quality
of the scattered radiation under varying conditions, In the
gquantitative analysis values of &, and 65 are obtained by using
the formulae derived by Klein and Nishina
By integrating their original formula, the expressions for -1
and e<; the absorption coefficients per electron corresponding to
6 and o, is derived as
(14 20 Al-3

(h+24)

(1+za)




A1-3

0% = m%ﬁ «‘cﬂ&(Hi"()-i- _f'_':"i) Qe 2u-1) + B> Al.4
(i 280™ 3(+a)?
where o= h'“/“\c ( )

The values of 9_54 are obtained by subtraction.
Values of ¢, and &, are obtained by multiplying eOn and oG
by the number of electrons per unit volume.

Also 7 had been derived using the empirical formula derived

by Gray
el = 22F x 0 A Al. 5
for A>100 xU -
and log o€ = 53.5102 + 1og10z5 + logy, A4 0.480(1og109\)2

L3
for O < A < 100 xu

Also at each scattering the incident guantum can be deflected
through any angle between © and T
The corresponding wave length being given by

9\ = qo[f+0(<l—- CDS‘S>~J Al.e

where A, = the wave length of the incident radiation
2 = the wave length of the scattered radiation
K = ha/me? = 4.2/ ), when A_ is in Xx.U.

Thus at any point in the scattering medium the radiation comprises
of the primary beam with wave length 9\0 and a band of scatteresd
radiation with wave length varying from DLO to 9\°+ 48,4 xU

Also Klein-Nishina expressed the intensity per scattering
electron of the medium of the radistion which has been scattered

at an angle ® and which has travelled a distance ¥ in vacuo is
given in terms of the intensity T of the incident radiation by

I. = XDQ:F A+ C-Dsle { 4+ o(a(l— Cos@)z
- 3
2wt~ {l -{—a's(l-CoSB)‘k (‘L+ Cosze) {"""(C‘" Cos B)}

J ‘ ) (lo o Jj(_e')_} A1.T
- E_mlcq‘*fq'

where o = hl‘/ma""

X X-u= | ﬂ'ngs'\vom umk = \o cma
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If the total absorption coefficient in the scattering medium of
the radiation scattered at anm angle © 1is }U then the intensity
at P (in Fig.Al.l) of the radiation which has travelled a distance

is

[_L exb (= p(H-Tcos e))} E‘xb C"

per scattering electron.

R

The number of scattering electrons in the elemental ring is
given by

(R—N&E) (ATT* S s dv de) |

.« The intensity of the radiation received at P from this ring

‘ is (? N 2)(2“71- RO o\vo\D) [I exk(—y@_?msa)ﬂ E-‘-XF("‘ T)] T o™ ‘E'(B)

Hence the total intensity of the radiation scattered and
reaching P can be calculated.

Expressing in terms of A it is possible to calculate the
intensity of the once-scattered radiation included in the wave
length A to A+dN

However the above analysis becomes too complicated in the
cage of granular media with varying geometry and hence guch
theoretical approach is of little use in the testing of soil

gpecimens.

Al.2 Practiecal lethods of Eliminating scattered radiation.

A,1.2.1 Increasing the distancelbetween film and object.

By increasing the distance between the film and object it
igs possible to reduce the influence of scattered radiation. The
main objection to this method is the consequent reduction in
definitioh due to the increased size of -the penumbra caused by the
finite size of the radiation source.

Al.2.2 Use_of Filters

Though a certain portion of the scattered radiation can be

attenuated by the use of some absorbent material like copper, tin
or lead in between the film and object, yet the method is not
100 p.c. effective unless the absorbing material is very thick.
However this would cause a large attenuation of the primary
radiation reaching the film.

Al1.2.3 Use of parallel plate collimators

The parallel plate collimator, Pig.Al.2 shows the variation
in film density along the height of a film exposed at 90 KeV with

a fine focal spot of 0.4 mm and a focal film distance of 48 inches.
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The wvariation is about 12.4 p.c. The use of a parallel plate
collimator as used by Sirwan (1965), reduced the above variation
to about 7.7 p.c. (Fig.Al.3). From Fig.Al.3 ft can be seen that
the parallel plate collimator can be used efficiently only in
small regions of the film, besides it leaves a permanent image
of the lamellae on the film,

Al1.2.4 Use of Moving grids

The most efficient method of counteracting the effect of
scattered radiation is by the use of a Potter-Bucky diaphragn.
This diaphragm consists essentially of thin strips of lead
arfanged in such a manner, when seen from the focus appear to be
as narrow as possible. The scattered radiation in directions
at not too small an angle to that of the primary rays are
absorbed by the lead lamellse. The primary rays pass gquite
freely except when they strike the narrow edge of the lamellae
and when attenuated by the material of the lamellsae. The dia-
phragm is moved during the exposure to prevent the formation of
any disturbing shadow strips on the film. It is necessary for
the diaphragm to remain focussed during motion. There are two
methods by which the lamellae can be arranged to be in focus while
in motion.

In the first method the lamellae are arranged along the
surface of a horizontal cylinder with axis passing through the
focus as in Fig.Al.4. In the second method the lamellae are
placed in the same plane, but radially with the axis of symmetry
through the focus (Fig.A1.5). During the exposure the diaphragn
rotates about the centre a&s shown in Fig.Al.5. The former method
is not preferred because of the large distance between the film
and Egg_pbject whieh will result in a lack of definition of the
image. While the latter method has the disadvantage that a white
spot appears on the film at the point of rotation.

Hence let us consider the plane focussed grid shown in Fig.
Al.6.

(i) Mechanism to obtain uniform motlon:

The grid is mounted on a frame shown in Fig.8.8 carrying a
roller at one end. The roller moves on the surface of a constant
veloclty cam. Fig.Al.7 shows the displacement of the grid with
time. The cam is rotated at a constant velocity.

(1i) Transmission of primary radiation:

The transmission of primary radiation is given by

I‘n = (\— %\) ex\)(—)ﬂn)

where VY 1is the gpecific lead volume V = Ndh, where N is defined
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as the strip density i.e. the number of strips per unit length
and h is the height of lead lamellae. ,

The part of the grid covered by lead = Nd = V/n
By differentiating the above expression it can be shown that
the intensity of the primary transmitted radiation :Lb is a

W o= -é VP(;‘* il%—j;%} :)

where JL ig the absorption coefficient of the organic inter

maximum when

spacing.
Since‘}x is generally = 0.3

‘14* =\f§;-

and hence Ib"““" = exi‘) (-2Jpv) Thus the optimum trans-
mission is obtained when the absorption in the lead ig approxi-
mately equal to that in the interspace .

Under optimum transmission there is a fixed relationship

between the strip density N and ratio of the grid given by

R RNE

(iii) Effect of lateral decentering of the grid:

From Fig.A1.8 it can be easily shown that a lateral
decentering of the grid by a distance of b causes a reduction
in the width of the exposed arez by

e = Db A1. R

—_—

fo
This reduction is the same throughout the film at any distance

from the centre line.
(iv) Effect of error in focus grid distance:

From Fig.A1.9 it can be easily shown that the error € in D
due to any change inthe focus grid distance from £, to ﬁa is

e:“ro\c{;t'—o—iq Al. 9

Unlike the former case this error increases with increasing values

of c.
Also an increase in the focal grid distance from f, to f, is
equivalent to a lateral decentering distance of c{:i--.§_ 5

(v) Effect of Combined Lateral decentering and error in focus

grid distance:

The decrease in D by e 1s different at symmnetrical positions
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from the centre of the grid due to this error. The correspon-
ding errors at equal distance c¢ from the centre is given as

[’o + (e=b) (- E )j WL/-‘;o

nd Al. 1O

[b ~ (b+D (1= gi)]%{/g‘

M
B

)i

See Fig.Al1.10

Al.,83 Tests carried out with Bucky grid

The positive prints of radiographs taken with the parallel
plate collimator and the static grid are shown in Figs.Al.ll(a)
and (b) respectively. Though the lines look uniform in Fig.
A1.11(b) a closer look will reveal a considerable percentage of
the nonuniformity in grid thicknesses. The thickness of these
lamellae were measured using a Hensholdt Wetzlar ilicroscope.
Accurate measurements of the grid lamellae are limited by the
fading nature of the lamellae on the film at the edges. Also
the suggested focus grid distance of 3¢ + 3 inch give thicknesses
of lamellae at the centre about 4 to 5 thou. greater than those
at the edges. The approximate focus ig found to be at 40,75 inch
Figs.Al.12 2nd Al.13 show the variation in film density along the
heipght of the film and across the film. While the percentage
variation in the former is about 16 p.c., the one in the latter
is only 1.325 p.c. Since the latter variation is not affected
by the uniformity of grid thickness and the errors due to lateral
decentering and focus grid distance, 1t 1s apparent that a Tfiner
grid with improved quality will give an even smaller wvariation
in density acroes the film. Table Al.l gives the percentage
variation in film density with and without the parallel plate
collimator and Bucky grid.

Table Al.1l
Along height Across the
Type of Collimetion of film 6 in. £ilm about 6 in.
Density Variation in p.c.
1. #ithout grid 12 5.6
2. With Parallel plate Collimator 7.7 7,70
3., With grid and Parallel plate

Collimator - 2,22
4, With grid alone ' 16.0 1.33




Al-8B

Finally the efficiency of the grid in improving the contrast of
the lead markers used in samples of sand about 7.5 1lnches thick
is shown in Fig.Al.14(a-c).

Al.4 Conclusion

From the density measurement carried cut across the film
it is apparent that with a good quality grid a constant film
density can be achieved in one direction. It.&ﬁmggﬁi}ble to %
calibrate the variation in film density in the , direction.
Since density measurements are generally carried out along the

axis of a cylindrical sample it is always possible to oscillate

the grid in a horizontal direction, thereby achieving constant
density. The grid improves the contrast of the lead markers

and reduces the fogging of radiographic film and therefore should
lead to an increaase in the accuracy of the measurement of strains.
The effect of a grid can be seen from Fig.Al.d%?ﬁhich shows
positions of radiographs of a sand sample without a grid, with a
static grid and with an oscillating grid.
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