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Experimental observations of the stress regime in unsaturated compacted
clay when laterally confined

J. L. BOYD™ and V. SIVAKUMAR ¥

Construction processes often involve reformation of the
landscape, which will inevitably encompass compaction of
artificially placed soils. A common application of fill
materials is their use as backfill in many engineering
applications, for example behind a retaining wall. The
post-construction behaviour of clay fills is complex with
respect to stresses and deformation when the fills become
saturated over time. Heavily compacted fills swells signifi-
cantly more than the lightly compacted fills. This will
produce enhanced lateral stresses if the fill is laterally
restrained. The work presented in this paper examines
how the stress regime in unsaturated clay fills changes
with wetting under laterally restrained conditions. Speci-
mens of compacted kaolin, with different initial condi-
tions, were wetted to various values of suction under zero
lateral strain at constant net overburden pressure which
allowed the concept of K, (the ratio between the net
horizontal stress and the net vertical stress) to be exam-
ined. Tests were also carried out to examine the tradi-
tional concept of the earth pressure coefficient ‘at rest’
under loading and unloading and its likely effects on the
stress—strain properties. The results have shown that the
stress regime (i.e. the lateral stress) changes significantly
during wetting under laterally restrained conditions. The
magnitude of the change is affected by the initial condi-
tion of the soil. The results have also indicated that the
earth pressure coefficient ‘at rest’ during loading (under
the normally consolidated condition) is unaffected by
suction and such loading conditions inevitably lead to the
development of anisotropic stress—strain properties
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Les procédés de construction comportent souvent une
altération du paysage, comprenant inévitablement le tass-
ement de sols placés artificiellement. Une application
commune des matériaux de remblayage est leur utilisa-
tion comme remblai dans de nombreuses applications
d’ingénierie, par exemple derriére un mur de souténe-
ment. Le comportement post-construction des remblais
d’argile est complexe, en ce qui concerne les contraintes
et la déformation, lorsque les remblais finissent par étre
saturés. Les remblais fortement tassés gonflent beaucoup
plus que des remblais légérement compactés, ce qui
engendre un renforcement des contraintes latérales si le
remblai est encastré latéralement. Les travaux décrits
dans la présente communication examinent la facon dont
le régime de contrainte dans des remblais d’argile non
saturés évolue en fonction de leur mouillage, lorsqu’ils
sont encastrés latéralement. Pour ceci, on procede au
mouillage de spécimens de kaolin compacté, présentant
différentes conditions initiales, avec différentes valeurs
d’aspiration sous une déformation latérale nulle avec une
pression de recouvrement net constante, qui permettait
P’examen du concept de K, (ratio entre la contrainte
horizontale nette et contrainte verticale nette). On a
également effectué des essais pour examiner le concept
traditionnel du coefficient de pression de la terre « au
repos », en condition de sollicitation et de décharge, et
ses effets probables sur les propriétés de contrainte-
déformation. Les résultats indiquent que le régime de
contraintes (autrement dit les contraintes latérales) varie
de facon significative sous D’effet du mouillage, dans des
conditions d’encastrement latéral. L’état initial du sol
affecte ’envergure de ces variations. Les résultats indi-
quent également que le coefficient de pression de la terre
« au repos », au cours de la sollicitation (en condition de
consolidation normale), n’est pas affecté par I’aspiration,
et que ces sollicitations donnent lieu inévitablement au
développement de propriétés de contrainte-déformation
anisotropes.

INTRODUCTION

Construction processes often involve reformation of the
landscape, which will inevitably encompass compaction of
artificially placed soils. During compaction, soils are gen-
erally placed in an unsaturated state for ease of placement.
The increasing economic and environmental costs of gran-
ular fill materials are causing the construction industry to
look for alternative construction materials, such as site-won
clayey soils (i.e. the material excavated from the site or
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nearby location). A common application of fill materials is
their use as backfill in many engineering applications, for
example behind a retaining wall. The post-construction
behaviour of clay fills is complex with respect to stresses
and deformation when the fills become saturated over
time.

The behaviour of unsaturated soils is not covered by
engineering standards with respect to geotechnical design.
Guidelines do, however, exist for the performance of on-site
compaction (Design Manual for Roads and Bridges, High-
ways Agency, 1995; Specification for Highway Works,
Highways Agency, 2004). Difficulties encountered when
unsaturated soils become saturated include loss of shear
strength and volumetric responses ranging from collapse
compression to swelling (Alonso et al., 1990; Charles, 1993;
Lu & Likos, 2004; Sivakumar et al., 2010a). Volume change
behaviour is the biggest problem when working with unsatu-
rated soils, where collapse compression can lead to excessive
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settlements while swelling can produce ground heave
(Sitharam et al., 1995; Skinner, 2001); both of these can
lead to differential settlements (Charles et al., 1993; Skinner
et al., 1999; Blanchfield & Anderson, 2000).

Since the early 1990s, research in the topic of unsaturated
soils has focused on the development of constitutive models
(Alonso et al., 1990; Toll, 1990; Wheeler, 1991; Delage &
Graham, 1995; Wheeler & Sivakumar, 1995; Cui & Delage,
1996; Tang & Graham, 2002; Blatz & Graham, 2003;
Gallipoli et al., 2003; Wheeler et al., 2003; Tarantino, 2007;
Sivakumar et al., 2010a, 2010b). The basic Barcelona model
uses the classical assumption of elastic behaviour prior to
yielding and elasto-plastic behaviour after yielding. Suction
is also considered as one of the stress parameters that affects
yielding.

Saturation of heavily compacted clays produces a greater
volumetric swelling response than lightly compacted clays
(Alonso et al., 1990; Wheeler & Sivakumar, 1995; Thom et
al., 2007). Fig. 1 shows the results where the heavily
compacted specimens swelled significantly more than the
lightly compacted specimens during wetting from initial
suction of 960 kPa (Sivakumar et al., 2010a). This suggests
that in situ heavily compacted fill is more likely to produce
swelling during wetting than lightly compacted fill. An
important question remains, what effects would the wetting
have on the stress regime within heavily compacted fills and
therefore on the buried or rigid retaining structures?

Consider an element of soil behind the face of the
retaining structure, back-filled with compacted clay as shown
in Fig. 2. In temperate climates the water table will rise over
time and the fill becomes saturated. This wetting process
could produce volumetric responses of either swelling or
collapse. If swelling takes place under laterally confined
conditions the likely consequence will be the development
of high lateral stresses acting on the rigid retaining structure.
The increase in lateral stresses may cause stability issues
with the wall (Chen, 1987; Carder, 1988). In a limited study,
Maswoswe (1985) examined the stress path of unsaturated
compacted specimens of glacial till during wetting (under K
conditions) in which the suction was reduced to zero (soak-
ing tests). The stress path for the specimens wetted under K
conditions ended on the saturated, normally consolidated K
line.
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Fig. 1. Change in specific volume plotted against In (s + pam)/
Patm during wetting for kaolin soil, both lightly and heavily
compacted (after Sivakumar et al., 2010a)
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Fig. 2. Compacted fill placed behind a retaining structure

The work presented in this paper examines how the stress
regime in unsaturated clay fills changes with wetting under
laterally restrained conditions. Specimens of compacted kao-
lin with different initial conditions were wetted to various
values of suction under laterally restrained conditions at
constant net overburden pressure. This allowed the concept
of Ky (the ratio between the net horizontal stress and the net
vertical stress) given by the following equation to be exam-
ined.

Op — Uy

Ky = 1
b= M

where oy, o, and u, are the total vertical, total horizontal
and pore air pressures respectively.

Alonso et al. (1990) presented the Barcelona basic model
(BBM), which is defined in terms of four stress state
variables: mean net stress p, deviator stress ¢, suction s and
specific volume v. The model is intended for use with
slightly or moderately expansive soils. Isotropic loading
conditions are modelled using two yield curves, the loading
collapse (LC) yield locus and the suction increase (SI) yield
locus, which are shown in Fig. 3. When the state of the soil
is inside the yield curve a reduction in suction (path AB)
will lead to swelling until the LC yield locus is reached.
Further reduction in the suction (path BC) will lead to
plastic collapse. An increase in compactive effort will lead
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Fig. 3. Loading collapse and SI yield loci in the p—s plane for
isotropic conditions
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to an enlargement of the yield locus, including a change in
shape (Maatouk et al., 1995; Wheeler & Sivakumar, 2000).
The size of the yield locus is also affected by the compac-
tion water content and the type of compaction (Maatouk et
al., 1995; Wheeler & Sivakumar, 2000; Estabragh et al.,
2004; Sivakumar et al., 2010a). The work presented in this
paper assesses the effects of compaction effort and compac-
tion water content on the development of lateral stresses and
therefore on the earth pressure coefficient Kj.

In saturated soil the magnitude of Kj is given by the ratio
between the horizontal effective stress and the vertical effec-
tive stress. The value of K is constant for normally con-
solidated clays and increases with over-consolidation ratio
(OCR). As part of the research presented here an attempt is
also made to assess the concept of Ky resulting from loading
and unloading. The following section describes the experi-
mental programme undertaken to meet these tasks.

EXPERIMENTAL PROGRAMME

The subject of this research is the response of compacted
fill, retained behind a rigid structure when subjected to
wetting. Obviously research of this calibre requires a sophis-
ticated testing system and suitable testing programme. The
following sections give details on the

(a) sampling technique
(b) experimental set-up
(c) control program

(d) testing programme.

Sampling

The material chosen for the present research was commer-
cially available speswhite kaolin clay supplied by WhitChem
Ltd. The original intention of the authors was to complement
the current research with work previously reported by the
research team at Queen’s University Belfast (QUB) (Wheeler
& Sivakumar, 1995; Sivakumar & Wheeler, 2000; Wheeler
& Sivakumar, 2000; Sivakumar et al., 2006; Thom, 2007;
Sivakumar et al., 2010a; 2010b). Initial characterisation
performed on kaolin purchased for the present research
deviated considerably from the characteristics reported in the
above literature studies. This was caused by significant
differences between the material used in the present research
and that used in the previous research, which was identified
to be the percentage of the clay fraction, with a 40% clay-
sized fraction in the material used in the present research as
opposed to an 80% clay-sized fraction in the material used
previously. Table 1 lists the characteristics of the material
used in the current research.

The method chosen for preparing 50 mm diameter,
100 mm high specimens was that proposed by Sivakumar et
al. (2010a). Dry kaolin powder was mixed with water at
targeted moisture contents in a domestic food mixer before
being passed through a 1-18 mm aperture sieve. Large
aggregates not passing through the sieve were broken up
using a pestle and mortar and sieved again. The material
was stored in an air-tight container in a temperature-

Table 1. Characteristics of current research material

controlled environment for 48 h. A 100 mm diameter rubber
membrane was placed around a 100 mm diameter pedestal
of a standard triaxial cell and sealed to the base using two
O-rings. A membrane stretcher was placed around the
membrane and the top of the membrane was folded at the
top of the stretcher. A 100 mm diameter dry porous disc was
placed on the pedestal and the sieved material was filled
slowly into the membrane. With the membrane full, a top
cap of dry porous stone was placed on the moistened kaolin,
the membrane stretcher was removed and the top cap was
sealed with two O-rings. The height of the uncompressed
sample was just over 225 mm and the diameter was about
100 mm. The cell was assembled and pressurised to the
required value, based on the target initial specific volume.
Any excess air pressure, developed as a result of the
application of the external pressure, was allowed to drain
from the top and bottom of the sample. There was no
evidence of water drainage during this process. Although
consolidation usually took place quickly, the sample was left
in the compression system for 3 days as a standard proce-
dure. At the end of this time the confining pressure was
reduced to zero. The size of the sample after compression
was approximately 70 mm in diameter and 140 mm high. A
thin-walled sample tube was used to extract a specimen of
50 mm diameter and 100 mm high (Fig. 4). Specimens for
the present research were produced at two different initial
water contents: 23% and 25% (representing dry fill and wet
fill) and at two different compression pressures: 375 kPa and
750 kPa (representing unengineered fill and engineered fill).
The relevant initial specific volumes of these specimens are
listed in Table 2.

Thin-walled
sample tube

Sample

Wykeham
Farrance
loading frame

Fig. 4. Set-up for specimen cutting

Percentage clay-sized fraction Liquid limit Plastic limit Plasticity index Activity Clay mineral identified by
XRD*
40% 70% 34% 36% 90% Kaolinite, mica and quartz

* XRD: X-ray diffraction
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Table 2. Initial characteristics of compressed fill for K, testing programme

w:% | py: kg/m? Relative to Fill name v Dy S % s: kPa Applied suction: kPa
standard Proctor,
P/ Post Proc) Zero 100 | 150 | 200 | 300
23 1557 0-95 Dry unengineered | 2-088 1-600 55-2 811 — Vi — — | —
1701 1-05 Dry engineered 1-925 1-607 65-8 1035 v v vV vV vV
25 1640 0-96 Wet unengineered | 2-022 1-666 652 704 — v — — —

Experimental set-up

The experimental system was designed and fabricated in
such a way that it can be used for model wetting, loading
and unloading of unsaturated compacted specimens, when
laterally confined. A ‘twin cell’ recently developed at QUB
was used in the research (Sivakumar et al., 2006), although
some modifications were made in order to meet the require-
ments of the present research. Fig. 5(a) shows the cross-
sectional view of the modified twin-cell system. The system
was instrumented with internal strain gauges, inclinometers
(Jardine et al., 1984) to measure axial strain and a strain
belt to measure diametric strain (manufactured by Imperial
College Consultants). In addition, the inner cell was as-
sembled under water for accurate measurements of specimen
volume change (Sivakumar et al., 2006).

The testing programme aimed to replicate the in situ
behaviour of compacted fill when laterally restrained, for
example behind a retaining wall. Under these conditions
the overburden pressure will not change (assuming no
further loading is applied post-construction). Therefore, in
the present research, throughout the wetting stage the
control program was used to maintain a constant net
vertical pressure. The cell pressure was used to maintain
the zero lateral strain condition. In the event of an
increase in cell pressure (i.e. in order to contain lateral
expansion) a constant vertical pressure was maintained by
altering the lower chamber pressure, thus applying a nega-
tive deviator stress. This required a special tension loading
arrangement on the top cap. The supporting base of the
inner cell was threaded and it was screwed on to the
threaded pedestal of the Bishop and Wesley stress path
apparatus (Fig. 5(b)).

The tension loading mechanism was based on the design
of a manhole key. A photograph of the key is shown in Fig.
5(g). The key had one end threaded on to the load cell and
the other end was formed to a bucket shape. Fig. 5(f) shows
the special arrangement made on the top cap to apply
tension loading. This consisted of a metal bracket which had
a small slot in the middle, slightly wider than the key
thickness. Fig. 5(e) shows the arrangement during testing
when the key was engaged in position with the top cap.
After slotting in place, the key was turned through 90°. The
other end of the load cell was attached to the top plate of
the outer cell. The load cell end was threaded on to an end
cap, which had three threaded bars protruding from it. A
stainless steel plate was located on the other end of the
threaded rods as shown in Fig. 5(d). Nuts and washers were
placed either side of the plate, which allowed manual adjust-
ment to be made on the location of the plate if required.
The load cell was fastened to the top plate of the outer cell
using a custom-made bolt (50 mm diameter head and
120 mm long) threaded through the stainless steel plate
located on the threaded rods (Fig. 5(c)). The bolt could be
gently turned until its flat face interfaced with the top plate
of the outer cell. This bolt was held in position by locating
another cap which was fastened to the top plate of the outer
cell. When fastened fully, the underside of this cap flushed

with the top face of the bolt so that any movement of the
load cell was restricted.

Control program

The control program Triax version 5-1 (Toll, 1999) was
utilised to control the required testing conditions automati-
cally. Suction was controlled using the axis translation tech-
nique (Hilf, 1956). Stepper motor-driven regulators were
used for controlling pore air pressure, pore water pressure,
cell pressure and deviator stress. Ky control was automati-
cally achieved by controlling confining pressure during wet-
ting, loading and unloading.

Testing programme

Table 2 lists the tests conducted in the research. Addi-
tional tests were also conducted in order to establish the LC
yield locus traced by the initial compression process. The
majority of the tests involved four stages, which are
described as follows.

(a) Initial application of relevant confining, pore water and
pore air pressures: the initial state of the specimen,
after extraction using a sampling tube is represented by
O in Fig. 6(a). At this stage the initial mean net stress
and deviator stress in the specimen are zero. The
suction in the specimen refers to the values indepen-
dently measured using a Wescor PST-55 thermocouple
psychrometer, which are listed in Table 2. The cell,
pore water and pore air pressures were ramped at a rate
of 25 kPa/min in order to achieve target suction values
of 300, 200, 150, 100kPa or zero at the drainage
boundaries and a mean net stress of 50 kPa.. The state
of the specimen immediately after the application of
these pressures is represented by point A in Fig. 6(a).
During this initial application of pressures the condition
of Ky was not activated and the process resulted in a
small influx of water into the specimen (0-60 cm?).

(b) Wetting of the specimen to a pre-selected suction: in
this stage the externally applied suction at the drainage
boundaries was allowed to equalise within the speci-
men, which usually lasted about 7 days. During this
period the condition of K was activated with a lateral
strain tolerance of 0-005% (representing 0-0025 mm on
a 50 mm diameter specimen). The state of the specimen
after equalisation is represented by points B, C, D, E
and F when the specimen has reached the target suction
values of 300, 200, 150, 100 kPa and zero respectively.
However, mean net stress at this point is determined by
the response of the soil to meet the condition of zero
lateral strain. The authors are aware that the control is
based on the strain performance of the specimen at the
centre, while the wetting begins at the base of the
specimen, where the pore water pressure is controlled.
The original intention of the research was to wet the
specimen slowly by reducing the suction from its initial
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Fig. 6. Stress paths during experiments: (a) K, wetting and
(b) Ky loading, K, unloading and isotropic loading

value to zero over a long period. However, the plan was
abandoned owing to problems encountered in the
control program (i.e. with the older version of Triax,
which operated on DOS mode).

(¢) Loading of the specimen under constant suction: the
deviator stress was increased at pre-selected rates. The
Ky loading begins from the point where the stress path
terminated during K, wetting. A typical case for a
suction value of 200 kPa is schematically illustrated in
Fig. 6(b) (i.e. point C). Three different rates were
adopted: 0-6 kPa/h for the first 3 days; 0-4 kPa/h until a
sign of yielding was noted and 0-2kPa/h for the
remainder of the loading stage. The reason for adopting
the lower rates at the later stages of the loading was to
avoid a rapid increase in confining pressure in order to
meet K, conditions, particularly when the specimen has
yielded. During the entire loading the suction was
maintained at a constant value.

(d) Unloading under constant suction: during this stage the
deviator stress was reduced to zero, under constant
suction, at a rate of 0-6 kPa/h (path C"G in Fig. 6(b))
while the horizontal strain was maintained at zero. In
one of the tests the specimen, subsequent to Kj
unloading, was taken through isotropic loading until a

clear sign of yielding under constant suction was
achieved (path GH in Fig. 6(b)).

RESULTS AND DISCUSSION

Owing to the complex nature of the experimental pro-
gramme the results are discussed under specific headings to
simplify the presentation:

(a) initial characterisation of the specimen with reference
to the initial position of the yield locus

(b) conceptual modelling

(¢) Ky in unsaturated soils during wetting and the effects of
initial conditions on its magnitude

(d) effects of bi-modal pore size distribution on the
deformation under K, conditions

(e) Ky during loading and unloading and the effects of
initial conditions on its magnitude

(f) Ky loading-induced anisotropy.

Initial characterisation of the specimen with reference to the
initial position of the yield locus

As part of characterisation the specimens were tested
under isotropic stress conditions (i.e. without K, control) and
subsequently sheared under drained conditions. During
equalisation water flowed into the specimen. The intake of
water was 37-3, 20-2, 12-5 and 9-9 cm? for suctions of zero,
100, 200 and 300 kPa respectively. Fig. 7 shows the changes
in specific volume of dry engineered specimens (23H)
plotted against suction. A significant amount of swelling was
observed in the case of the dry-engineered specimen wetted
to zero suction, although as expected the swelling was
limited under other values of suction.

Subsequent to the initial equalisation, the specimens were
taken through isotropic compression at constant suction. Fig.
8(a) shows the compression lines plotted against natural
logarithm of mean net stress for dry engineered specimens
(23H). A simple graphical construction was used to deter-
mine the approximate yield stress. Although there are other
methods available to determine yield stresses (Crooks &
Graham, 1976) the Casagrande (1936) technique was chosen
for the present purpose. The relevant yield stresses measured
at suction values of zero, 100, 200 and 300 kPa were plotted
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Fig. 7. Change in specific volume plotted against suction during
wetting (dry engineered specimens — 23H)
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Fig. 8. Sample response to isotropic loading of dry engineered
specimens: (a) specific volume plotted against logarithm of
mean net stress and (b) loading collapse yield loci (LCYL) for
dry engineered specimens (23H), including proposed LCYL for
dry unengineered (23L) and wet unengineered specimens (25L)

to form the LC yield locus as shown in Fig. 8§(b). The form
of the LC yield locus is a straight line in s—p space and the
shape of it is in close agreement with the previously
reported data on kaolin by Sivakumar et al (2010a),
although distinctly different from the proposals of Alonso et
al. (1990), Wheeler & Sivakumar (1995) and Sivakumar &
Wheeler (2000). The form of the yield locus that was
reported by Alonso ef al. (1990) and Wheeler & Sivakumar
(1995) was a curve, which was obtained on specimens that
were one-dimensionally compressed before testing. The one-
dimensional loading history, inherited by the specimen dur-
ing its initial formation, may have led to a degree of
anisotropy. Sivakumar et al. (2010a) reported LC yield locus,
which was a straight line in s—p space and it was obtained
using specimens prepared by isotropic compression before
testing. This should have led to specimens inheriting isotro-
pic stress—strain properties. Further details on this aspect
can be found in Sivakumar et al. (2010a).
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The estimated yield stresses at a suction value of 100 kPa
on the dry unengineered specimen (23L) and wet unengi-
neered specimen (25L), denoted by square and triangular
data points respectively, are also included in Fig. 8(b). The
positions of the LC yield loci shown using broken lines in
Fig. 8(b) for these two specimens are only an approximation.
The wetting under K, conditions originated from point A
(Fig. 6(a)). If the wetting path remains inside the yield locus
the specimen would swell axially as well as laterally. The
lateral expansion is restricted by an increase in confining
pressure and therefore the position of the LC yield locus
shown in Fig. 8(b) is the prelude to most of the discussion
presented in this paper. In order to simplify the presentation
of the data, a conceptual view of the anticipated behaviour
is presented first and subsequently validated with the ob-
served response of the soil.

Conceptual modelling

Figure 9(a) shows a three-dimensional schematic view of
the yield surface in g—p—s space. The intersection of the
yield surface on a constant ¢ plane is shown in Fig. 9(b).
The cross-section of the yield surface parallel to the constant
suction plane is an ellipse and its major principal axis
coincides with the mean net stress plane as shown in Fig.
9(c). The cross-section of the yield surface parallel to the
constant p plane is also shown in Fig. 9(d). The initial
position of the specimen is represented by point O, where
the mean net stress is zero, the deviator stress is zero and
the initial suction in the specimen is listed in Table 2. Upon
the application of initial pressures, the state of the specimen
moves to point A, where ¢ =0 and p = 50 kPa, the zero
lateral strain condition is invoked at this point. The initial
position of each specimen is well within the LC yield locus,
thus any reduction in suction will result in radial and axial
expansion, provided the wetting paths do not cross the yield
surface. Upon lateral swelling the control program is acti-
vated to increase the lateral pressure to restrain the lateral
expansion. ABCDEF represents the wetting path during
which the lateral strain was maintained at zero. Points B, C,
D, E and F represent target suction values of 300, 200, 150,
100 kPa and zero respectively. The vertical stress is main-
tained at 50 kPa during the wetting and therefore the stress
path will be contained on a plane with a slope of 2/3, as
shown in Fig. 9(a). The relevant projections of the stress
paths on s—p , g—p and g— s are also shown in Figs 9(b)—
9(d).

Continued swelling, caused by the wetting, instigates a
further increase in lateral pressure. Such an increase in the
lateral pressure, together with the continued reduction in
deviator stress (an increase in negative deviator stress, Fig.
9(d)) also triggers inter-aggregate slippage, creating a ten-
dency for collapse settlement. This in theory implies that the
stress path approaches the yield surface, initially inherited by
the specimen during its formation, as shown in Fig. 9(a).
This particular situation is represented by point X. The point
at which the wetting path approaches the yield surface
depends on the initial conditions of the specimen. At the
point when the specimen approaches close to the yield
surface, the collapse settlement will become imminent and
the control system activates to decrease the lateral stress in
order to maintain the zero lateral stress condition. Therefore
the direction of the stress path will change and the stress
state of the specimen moves slightly back inside the yield
surface. This process will continue until the suction in the
specimen has fully equalised at the pre-selected suction
value. Since the suction applied to the specimen was reduced
in one single step from its initial value to the relevant target
suction, the lateral stress will increase and decrease often
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until equilibrium is achieved. This can result in fluctuations
of deviator stress and mean net stress. The fluctuation could
be avoided if the suction was reduced slowly from its initial
value. The stress path traversing close to the yield surface is
therefore represented by a wavy curve to reflect the nature in
which the control program attempts to maintain zero lateral
strain conditions. The data presented in the next section
quantify this conceptual view.

Ky in unsaturated soils during wetting and the effects of
initial conditions on its magnitude

Five tests were conducted on dry engineered specimens
having an initial specific volume of 1:925. The specimens
were brought to suction values of zero, 100, 150, 200 and
300 kPa from the initial suction of 1035 kPa generated at the
time of specimen preparation. The results obtained from
these tests are analysed in various forms, culminating with
the assessment of K, in unsaturated soils subjected to
wetting. Table 3 lists the phase values after the K, wetting
stage was completed.

Figure 10 shows the change in specific water volume
plotted against time. A specific point on each curve is

marked with a circular point. The relevance of these points
will be discussed later in this paper. The relevant changes in
specific water volume caused by wetting the specimens to
suctions of zero, 100, 150, 200 and 300 kPa under laterally
constrained conditions were 0-359, 0-213, 0-175, 0-149 and
0-080, respectively. The equalisation phase was terminated
when the water flow into the specimen was less than 0-1%/
day with respect to the dry mass of the specimen. The influx
of water resulted in an increase (or decrease) in the speci-
men volume and therefore a change in the lateral strain. A
tolerance level of £0-0025 mm (£0-005% in terms of lateral
strain) was set as a trigger level and Fig. 11 shows how well
this condition was achieved.

Figure 12 shows the lateral and vertical net stresses
plotted against time for the tests equalised under suction
values of zero, 100 and 300 kPa. The lateral net stress
increased rapidly at the beginning of the equalisation process
implying that the specimen attempted to expand laterally.
There were some fluctuations in the net lateral stress as the
equalisation stage progressed. The reason for this fluctuation
is the fact that the stress path upon wetting under K
conditions was operating close to the yield surface (Fig. 9).
This was also instigated by a steep decrease in suction from
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Table 3. Phase values after K, wetting

Test v Dy Sr: % p:kPa q: kPa
23HO0 1-987 1-984 969 66 —24
23H100 1-973 1-844 86-8 69 —-29
23H150 1-988 1782 792 77 —40
23H200 1-997 1-751 75-3 83 —49
23H300 1-947 1-686 72-4 84 —50
231100 2125 1-839 74-6 54 -8
25L100 2-034 1-802 77-5 69 —34
040 T activated based on the lateral strain measured at the mid-
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Fig. 10. Change in specific water volume during K, wetting of
dry engineered specimens
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neered specimens equalised under suction values of 100, 150
and 200 kPa

its initial value of 1035kPa to a much lower value as
discussed in the conceptual view of the anticipated behav-
iour. As shown in Fig. 12 the vertical net stress remained
constant at 50 kPa in every test during the course of wetting.

It was obviously a concern that the K, condition was

height of the specimen, whereas the wetting front moves
upwards from the base. It could be argued that the specimen
at the bottom may have swelled laterally before the K
control became activated, based on the specimen response at
mid-height. The height of the specimen used in the present
study was 100 mm. The radial strain gauge was located at
mid-height of the specimen. The pads attached on the arms
of the axial strain gauges were located 23 mm above the
base of the specimen and 37 mm below the top of the
specimen, as shown in Fig. 13. During the equalisation
stage, the wetting front moved from the bottom of the
specimen (where the high air entry filter stone was located)
to the top where the low air entry filter was located. There-
fore, the lower arms of the inclinometers would be the first
to respond to the effects of wetting and soon after that the
lateral strain gauge attached at the mid-height. Fig. 14 shows
some interesting behaviour where the raw readings from the
axial strain gauge and the lateral pressures are plotted
against time (during the first 100 min of K, wetting). It
appears that the time lag between the start of the K, wetting
and the lateral strain response (represented by an increase in
lateral pressure) is around 5 min, thus confirming that the
wetting front is not merely a line separating two zones with
different suctions, but rather it is a moving zone where
change occurs gradually.

Figure 15 shows the K plotted against time for specimens
equalised at target suction values of zero, 100, 150, 200 and
300 kPa respectively. By default, the response of K was
similar to the behaviour observed in the case of horizontal
net stress as shown in Fig. 12. At the beginning of the
wetting, the specimens were subjected to an imposed Kj
condition of 1 and this K value increased to maximum
values of 2-3, 3-0, 2-1, 2:3 and 2-0 for suction values of 300,
200, 150, 100 kPa and zero respectively. The values of Kj
when the suction in the specimen stabilised at the pre-
selected values were: 1-5, 16, 1-8, 2-0 and 2-0 respectively
for suction values of zero, 100, 150, 200 and 300 kPa. In the
case of low suction values, K, reduced significantly after
reaching a peak. The reason for this response lies in the fact
that the wetting path was traversing inside, but close to the
yield surface initially inherited by the specimen (see Fig. 9).

At the beginning of wetting the horizontal net stress was
50 kPa and it increased to a maximum value of 111, 141,
104, 116 and 116 kPa in the case of specimens wetted to
target suction values of zero, 100, 150, 200 and 300 kPa
respectively. This particular state can be represented by point
X in Fig. 16(a) where suction is plotted against mean net
stress. The lateral stresses when the equalisation process was
terminated (i.e. when the externally applied suction equal-
ised within the specimen) were 74, 79, 90, 99 and 101 kPa
respectively and the stress states referring to these values are
represented by points F, E, D, C and B in Fig. 16 respec-
tively for suctions of zero, 100, 150, 200 and 300 kPa. Note
here that the actual value of suction when the lateral stress
reached a peak (point X in Figs 16(a) and 16(c)) was not
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300 kPa (denoted by circular data points in Fig. 10) respec-
tively with an average of 0-076. This change in average
specific water volume corresponds to an approximate suction
value of 350 kPa, estimated based on the end condition of

the samples, shown in Fig. 10 when the suctions have fully
equalised within the specimens.

The initial position of the LC yield locus referring to the
initial compaction is also included in Fig. 16(a). Point X
refers to the average maximum lateral stress condition for
each test. It appeared that the positions of the stress states at
the end of the K; wetting were well inside the yield locus,
thus implying that any tendency for possible collapse settle-
ment upon wetting was minimal. It should be noted that the
LC yield locus shown in Fig. 16(a) was plotted on the ¢ =0
plane. A possible position of this LC yield curve for the
conditions in positive and negative ¢ space is also illustrated
in Fig. 16(a) using a broken line. Under these conditions it
can be argued that the maximum lateral stress condition,
together with a deviator stress component, could result in the
stress state of the specimen being much closer to the original
yield surface than it appeared on the two-dimensional plot.

The net overburden pressure was kept constant at 50 kPa
during wetting. This implied that the slope of the stress path
dg/dp in the g—p plane was constant and equal to 3/2. For
information, the stress paths that the specimens followed
during wetting are shown in Figs 16(b) and 16(c) in g—p
and g—s planes. The extreme point on the stress path refers
to the maximum lateral stress conditions and the end condi-
tions are marked with the points B, C, D, E and F for
suction values of 300, 200, 150, 100 kPa and zero. Path AX
was inside the yield surface and the paths X to B, C, D, E
and F traversed close to the yield surface.

Figures 17(a) and 17(b) show the coefficient of earth
pressure ‘at rest’ (Kp) for unsaturated soil plotted against
suction for all five tests. Fig. 17(a) refers to the maximum
Ky condition and Fig. 17(b) refers to K, values achieved at
the end of the equalisation stage. Fig. 17(a) is not an
accurate representation of the soil behaviour, as the actual
suction values corresponding to the Kj maximum values
were unknown. However, previous discussion on the lateral
stresses stated the fact that the amounts of water that flowed
into the specimen when the lateral stress was at a maximum
were generally similar and suggested therefore that the maxi-
mum lateral stress conditions occurred at a similar value of
suction, approximately 350 kPa in all five tests, regardless of
the targeted suction. Fig. 17(b) shows a more realistic view
of the K, variation with suction. The values of K, reduced
slowly as the suction reduced to zero.

A limited study was carried out to investigate the effects
of the initial specimen conditions on the lateral stresses
required to maintain zero lateral stress conditions. A single
test was performed on an unengineered wet specimen and an
unengineered dry specimen equalised under a suction value
of 100 kPa. Fig. 18 shows the lateral stress plotted against
time during the course of wetting for all three specimens, in
which the suction was reduced from its initial value to
100 kPa. The maximum lateral stress observed in the case of
the engineered dry specimen was 140 kPa, and those for the
unengineered dry specimen and wet unengineered specimen
were 93 and 85 kPa respectively. The reduced maximum
lateral stress in the case of the unengineered specimens
confirmed the fact that the yield surfaces inherited by the
unengineered specimens were well inside the yield surface
for the engineered specimen (Fig. 8). Fig. 19 shows the
position of the LC yield locus and the stress path during
wetting of dry engineered, wet unengineered and dry unengi-
neered specimens. The position of the LC yield locus and
the stress path during K, wetting has been well established
for a dry engineered specimen (as discussed earlier),
although this was not the case for dry unengineered and wet
unengineered specimens. In these two cases the research
focused on a suction value of 100 kPa and the LC yield loci
are assumed to pass through the yield stresses identified at
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this suction value. While substantial evidence was gathered
to confirm the position of the K stress path during wetting
to be slightly inside the LC yield surface in the p—s—q
space, it can be argued that the K, stress path will never
cross the LC yield surface inherited by the specimen during
its initial formation, regardless of the initial conditions (i.e.
compaction water content and compaction effort) since any
contraction initiated by approaching the yield surface will
trigger the zero lateral strain conditions, thus reducing the
lateral pressure, and the stress path will be reversed back
slightly inside the yield surface.

Figures 20(a) and 20(b) show the K, values at the time
of peak lateral stress and equalised lateral stress plotted
against suction obtained on the dry engineered and wet
unengineered specimens. Also included on the figures are
the relevant values obtained from the dry engineered speci-
men. Peak and ultimate K, values for both dry and wet
unengineered specimens were below (or very close to) the
values obtained for the dry engineered specimen, confirming
the fact that the yield surfaces for dry and wet unengi-
neered specimens were inside that of the dry engineered
specimen.
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Effects of bi-modal pore size distribution on the deformation
under Ky conditions

Unsaturated soils are constituted of an aggregated struc-
ture, with a clear bi-modal pore size distribution (Fig. 21).
Ahmed et al. (1974), Gens & Alonso (1992), Delage et al.
(1996), Qi et al. (1996), Sivakumar & Wheeler (2000),
Lloret et al. (2003) and Cuisinier & Laloui (2004) have
demonstrated the effects of an aggregated structure on the
hydromechanical behaviour of unsaturated soils. Thom et al.
(2007) and Sivakumar et al. (2010a) have reported experi-
mental evidence, using MIP analysis to support the view that
aggregates expand into the larger macro-voids during wet-
ting. Figs 22(a) and 22(b) show the evolution of bi-modal
distribution before and after wetting of unengineered and
engineered specimens, prepared at identical water content
(Sivakumar et al, 2010a). The initial macro pore size
distribution of a lightly compressed specimen was signifi-
cantly higher than that of a heavily compressed specimen.
However, the wetting resulted in very similar macro pore
size distributions. If the aggregates are idealised as spherical
for simplicity, upon wetting they become distorted as they
expand into the macro voids where the restriction for expan-
sion is less (Fig. 23). This implies that the effective size of
the pore space will reduce and the evidence for this is
explicitly shown in Fig. 22, particularly in a heavily com-
pressed sample. The effect of aggregated structure during
wetting under laterally confined conditions (i.e. under aniso-
tropic loading conditions) is remarkable.

Figure 24 shows the axial and lateral strain plotted against
time for suction values of zero, 100, 150, 200 and 300 kPa.
A condition of zero lateral strain was imposed; hence no
significant change in the lateral strain occurred. However,
the vertical strains of the specimens increased significantly
depending on the targeted suction values. The axial strain in
the case of 300 kPa of suction was 0-64%, and this increased
to 3-36% when the suction dropped to zero. However, the
real challenge was to justify the observed response of the
specimen in relation to the axial strain. Fig. 12 clearly shows
that the lateral stresses reached a peak value and then began
to reduce as the wetting progressed. The reductions in the
lateral stresses after reaching the peak were significant when
the targeted suctions were 200 kPa or lower. The net vertical

Fig.21. The bi-modal pore size distribution of unsaturated
compacted clay shown by scanning electron microscopy (after
Sivakumar et al., 2010a)
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stress was kept constant at 50 kPa. Under these conditions,
the specimens continued to swell axially under constant
vertical stress. The reason for this lies in the structure of
unsaturated soils.

The suction in the aggregates is very high and this was
reduced to a lower value during the wetting process. The
aggregates absorbed water and tried to expand both axially
and laterally. The expansion of the aggregate can result in
two different phenomena:

Wetting
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Fig. 24. Axial and lateral strain plotted against time for
specimens equalised undersuction values of zero, 100, 150, 200
and 300 kPa

(a) the inter-aggregate contacts are pushed apart causing
overall increase in volume

(b) expansion of the aggregates into the larger voids
between the aggregates, causing reduced inter-aggregate
voids but marginal changes in the overall volume.

Consider, for example, the case of an engineered speci-
men, where the tendency for inter-aggregate slippage is
marginal (Sivakumar et al., 2010a) and the inter-aggregate
pore space is limited, therefore the most likely consequence
of wetting would be an increase in overall volume of the
specimen. The question remains, what will be the level of
swelling in the vertical and lateral directions when the speci-
men is subjected to anisotropic loading?

At the beginning of the K, wetting, the loading conditions
were isotropic, whereby the specimens were subjected to
50 kPa of net vertical and lateral stress. As the equalisation
progressed the lateral stresses increased substantially in order
to contain the lateral expansion. Therefore, the aggregates,
which were expanding or trying to expand in three direc-
tions, would now prefer to expand in the vertical direction,

Aggregates after swelling

Fig. 23. Aggregated structure subjected to wetting
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as opposed to the lateral direction, since the resistance to
the expansion in the vertical direction is less than in the
lateral direction; however this does not exclude the aggre-
gates expanding into macro voids. Further investigation is
necessary in order to ascertain the validity of this statement.

Ky during loading and unloading and the effects of initial
conditions on its magnitude

As part of the research, the specimens were subjected to
increasing deviator stress starting from the stress state
corresponding to the end of K, wetting (marked by points B,
C, D, E and F in Fig. 16(b)). Table 4 lists the phase values
after K, loading and unloading.

Figure 25 shows axial strain plotted against deviator stress
(in logarithmic scale) for tests conducted at suction values
of zero, 200 and 300 kPa. Estimated yield pressures in terms
of mean net stress and deviator stress were (80, 0), (158,
38), (172, 51), (224, 42) and (266, 93) for suction values of
zero, 100, 150 200 and 300 kPa respectively. Fig. 26 shows
the stress path followed by the specimen equalised at
200 kPa during K loading. The solid line shows the experi-
mental results and the dash-dotted line shows the average
specimen response.

The previous discussion suggested that the K, wetting
path traversed near the boundary of the yield surface. It was
also suggested that the stabilised stress state of the specimen
at the end of wetting under K, conditions was close to the
yield surface as indicated by points B, C, D, E and F in Figs
16(a), 16(b) and 16(d). The subsequent increase in deviator
stress therefore takes the specimen inside the yield surface
initially and on the yield surface upon continued loading
(indicated by average paths BB'B’’, CC'C"’, DD'D"’, EE'E"’
and FF'F’’ in Fig. 27 for suction values of 300, 200, 150,
100 kPa and zero respectively). The pattern observed in the
relationship between deviator stress and mean net stress
during the K, loading was similar to that of saturated soils.
The gradient of the K path prior to yielding was high and it
gradually reduced to a constant value as the loading pro-
gressed. The most interesting observation is that the slope of
the K; line after yielding u was reasonably constant and
unaffected by the suction value. The following equation was
used to calculate the K value:

_3-nu

K
0 34+ 2u

2

The K, value after yielding is plotted against suction in
Fig. 28. The K, values appear to be unaffected by the
suction value, but more importantly, they are very similar to
the K, values reported for reconstituted saturated kaolin.
Equation (3) relates the gradient of the critical state line
M(s) to the effective angle of internal friction ¢’ for a soil.
The relationship is unaffected by the apparent cohesion
given by the suction value. The gradient of the critical state

Table 4. Phase values after K, loading and K, unloading
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line M(s) is 0-8 (critical state line is not shown here due to
the space limitation). Therefore, the effective angle of inter-
nal friction for the soil is 22°. Assuming Ky =1 — sin(¢’)
(Jaky, 1948), this yields a K value of 0-65 under saturated
conditions.

Test After Ky loading After K unloading

p: kPa q: kPa s: kPa v Uy St % p: kPa q: kPa v Uy Si: %
23HO 237 74 0 1-826 1-895 100-0 206 0 1-881 1-893 100-0
23H100 352 130 100 1-840 1-803 92-6 — — — — —
23H150 326 108 150 1-889 1-755 84-9 — — — — —
23H200 314 105 200 1-907 1-730 80-3 — — — — —
23H300 465 159 300 1-855 1-653 763 276 0 1-855 1-651 76-1
23L100 161 37 100 1-963 1-820 852 115 0 1-963 1-824 855
25L100 299 53 100 1-854 1-777 90-9 — — — — —
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A limited number of tests were performed in order to
examine the effects of initial conditions of the specimen on
the position of the Ky path. Fig. 29 shows the average stress
paths obtained for dry engineered, dry unengineered and wet
unengineered specimens. Each specimen was subjected to an
increasing deviator stress from the end point of the K
wetting stage. The open circular data points on the stress
paths indicate the estimated yield stress from the stress—
strain curves. The yield stresses identified in terms of mean
net stress, deviator stress were (158, 38), (94, 26) and (150,
40) for dry engineered, dry unengineered and wet unengi-
neered specimens respectively. As expected the yield stresses
in the case of the dry unengineered and wet unengineered
specimens were smaller than that of the dry engineered
specimen. Fig. 30 shows the K, value plotted against suc-
tion. The slope of the K line u was affected by the initial
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Fig. 29. Stress paths during K, loading for dry engineered, dry
unengineered and wet unengineered specimens
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Fig. 30. The effect of initial conditions on the variation of the
coefficient of earth pressure at rest against suction

conditions and therefore the K, value was also affected;
however, further data are needed to confirm this remark.

The specimens were unloaded under K, conditions. Three
unloading tests were performed, with suction values of zero
and 300 kPa for specimens of dry engineered specimens and
with a suction value of 100 kPa on a specimen of dry
unengineered fill. The unloading paths are shown in Fig. 31.
The specimens were stiff and overconsolidated, therefore the
lateral strain was rarely affected by the reduction in vertical
stress. The lateral pressure reduced slightly only at the end
of the unloading path. For presentation purposes an approx-
imate path was sketched connecting the start of the unload-
ing and the end state of the soil based on the average lateral
stresses. The behaviour observed was comparable with the
behaviour traditionally observed in saturated soils.

Ky loading-induced anisotropy
Soil structure inherited either during deposition, or post-
deposition influences stress—strain behaviour and conse-
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quently the yielding characteristics. It is widely accepted that
the yield locus separating elastic behaviour from elasto-
plastic behaviour is elliptical and symmetrical about the
mean effective stress axis, for soils with an isotropic stress
history (Graham et al., 1988; Sivakumar et al., 2001). The
rotation of the yield locus for unsaturated soils also appears
to be true, despite the distinctly more complex structure,
which is largely attributed to the bi-modal pore size distribu-
tion (Zakaria et al., 1995; Cui & Delage, 1996; Sivakumar
et al., 2010b). The data reported here focuses on whether
the anisotropic loading history was responsible for making
the specimen behave anisotropically.

As part of this research one specimen that was taken
through K, unloading was subsequently isotropically loaded
(the dry unengineered fill equalised under a suction value of
100 kPa). Note that the specimens for the present research
were extracted from samples initially compressed under
isotropic stress conditions. Therefore, specimens should have
inherited isotropic stress—strain properties. During the subse-
quent isotropic compression the lateral strain experienced by
the specimen was considerably greater than the vertical
strain. This indicates that K, loading has generated anisotro-
pic stress—strain properties as shown in Fig. 32. In the early
stages of loading, the stress—strain behaviour was marked by
anisotropy. However, the continued isotropic loading caused
the stress—strain properties to tend toward isotropic behav-
iour, indicated by the ratio between the lateral and axial
strain approaching the 45° line as shown in Fig. 32. This
observation provides some evidence to support the view that
a previous K; stress history indeed inflicted a degree of
anisotropy in terms of the specimen stress—strain properties.

CONCLUSIONS

Carefully controlled tests were conducted using the twin-
cell stress path apparatus in order to examine the effects of
wetting of unsaturated soils in relation to the stress regime
under lateral confinement. Investigations were also carried
out in order to examine the traditional concept of K; upon
loading and unloading. The following concluding remarks
can be made.

(a) The wetting of compacted clay specimens results in an
increase in lateral stresses and therefore an increase in
Ky. The magnitude of increase in the lateral stress is

14 - s

1-2 5 4

1-0 A .

08 - ;

B
‘m
«
=4
®
= ,
®
S
X
<

0-6 - .

0 02 04 06 0-8 1-0 1-2 1-4
Horizontal strain, ¢,: %

Fig. 32. Vertical strain plotted against horizontal strain during
isotropic loading

affected by the initial condition of the soil such as the
initial specific volume and compaction water content.

(b) The position of the LC yield locus is an important
factor that determines the likely response of the soil.
During wetting under laterally restrained conditions the
stress path traverses inside, but close to the LC yield
locus. The stress path will never cross the yield locus
under the above testing conditions even for unengi-
neered specimens.

(c) The bi-modal pore size distribution has a particular
influence on the volumetric response during wetting
under anisotropic loading conditions. The work has
shown that the aggregates attempt to expand in a
vertical direction rather than a lateral direction as the
resistance to expansion in the lateral direction is high,
due to high lateral pressures.

(d) The maximum lateral stress condition (or Kj) is
generally affected by the initial condition but unaffected
by the target suction value under wetting. The final K,
value reduced gradually with applied suction.

(e) The Ky during loading (under normally consolidated
conditions) is unaffected by suction and its value is
approximately equivalent to that of reconstituted kaolin.

(f) Ko loading induced a degree of anisotropy in the
specimen that resulted in a significant difference in the
stress—strain characteristics of the soil, which inherited
isotropic properties before being subjected to aniso-
tropic (Kjp) loading.

The above conclusions have implications for geotechnical
structures constructed on or using compacted clay fills. An
example is the use of heavily compacted fills for backfilling
retaining walls. The fill may become saturated owing to
environmental changes (i.e. rainfall) The saturation of the fill
will be associated with a rapid increase in lateral stresses, as
identified from the present research. This can lead to in-
stability of the retaining structures.
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NOTATION
Ky coefficient of earth pressure at rest
M(s) slope of the critical state line in the g—p plane for
unsaturated soils
p mean net stress
q deviator stress
s suction
u, pore air pressure
v specific volume
u slope of the Ky line in the g—p plane
u(s) intercept of the critical state line in the g—p plane
o, total horizontal stress
o, total vertical stress
¢’ effective angle of internal friction
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