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Abstract

This paper presents an elastoplastic model for predicting the hydraulic and stress–strain behaviour of unsaturated soils.
The model takes into consideration the effect of the degree of saturation on stress–strain behaviour, the effect of the void
ratio on water-retention behaviour, and the influence of suction. Model predictions of the stress–strain and water-retention
response are compared with those obtained from triaxial tests on unsaturated soil during isotropic and shear loading with
and without suction change. The comparisons indicate that the model can quantitatively reproduce the hydraulic and
mechanical behaviour of unsaturated soils.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Starting with the model proposed by Alonso
et al. (1990), several elastoplastic constitutive laws
for unsaturated soils have been developed which
are based on experimental and theoretical studies
(Kohgo et al., 1993; Wheeler and Sivakumar,
1995; Sun et al., 2000). The stress-state variables
employed in most models for unsaturated soils are
the net stress (the difference between total stress
and pore-air pressure) and the suction (the differ-
ence between pore-air pressure and pore-water pres-
sure). In the earliest models the unsaturated states
0167-6636/$ - see front matter � 2006 Elsevier Ltd. All rights reserved

doi:10.1016/j.mechmat.2006.05.002

* Corresponding author. Fax: +86 21 56331971.
E-mail address: sundean06@163.com (D. Sun).
were expressed only in terms of the suction, with
the degree of saturation being computed from the
suction; so that hydraulic hysteresis was not incor-
porated. These models were also difficult to imple-
ment in existing finite element codes for saturated
soils because most saturated soil relations are
described in term of effective stress (Sheng et al.,
2004). In recent years, some conceptual models
incorporating hydraulic hysteresis of unsaturated
soils have been proposed (Buisson and Wheeler,
2000; Vaunat et al., 2000; Gallipoli et al., 2003;
Wheeler et al., 2003; Tamagnini, 2004; Sheng
et al., 2004). However, most of these can describe
the hydraulic and stress–strain behaviour only in
qualitative terms, and are formulated only for iso-
tropic stress conditions. The present paper gives a
complete formulation of an elastoplastic model
.
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Nomenclature

e void ratio
f yield function
g plastic potential
M slope of critical state line in q–p 0 plane
p mean net stress
p 0 mean effective stress
pa atmospheric pressure
p0n reference pressure
p0y ‘effective’ yield stress
p0y yield stress at zero suction
q deviator stress
s suction
Sr degree of saturation
ua pore-air pressure

uw pore-water pressure
ee

v; e
p
v elastic and plastic volumetric strains

j swelling index
js slope of scanning curve in Sr–ln s plot
k(0) value of k(s) at zero suction
k(s) slope of normal compression line in e–

lnp 0 plot
ks parameter for identifying the change of

k(s) with suction s

kse slope of Sr versus e relation under con-
stant suction

ksr slope of main curves in Sr–ln s plot under
constant void ratio

r0ij ‘effective’ stress tensor
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which incorporates the hydraulic and mechanical
behaviour of unsaturated soils. The predictions of
the model are validated quantitatively by experi-
mental results obtained from suction-controlled tri-
axial tests on unsaturated soil.

The paper is organised as follows. First, experi-
mental results for the void ratio versus the degree
of saturation are presented—based on suction-
controlled isotropic compression tests and triaxial
compression tests on unsaturated compacted clay.
Secondly, an elastoplastic model for unsaturated
soils, which incorporates hydraulic behaviour, is
formulated. Finally, the model predictions are
compared with the experimental results for various
loading paths and wetting paths.

2. Experimental study on water-retention behaviour

To investigate the influence of void ratio on
water-retention behaviour, and to obtain the
stress–strain relations under different initial degrees
of saturation, a series of isotropic compression tests
and triaxial compression tests on unsaturated com-
pacted clay were performed using a suction-
controlled triaxial apparatus. The soil used in this
study is called ‘Pearl clay’. It contains 50% silt and
50% clay, and has a liquid limit of 49% and a plas-
ticity index of 22. There are few expansive clay min-
erals in Pearl clay. Triaxial specimens were prepared
by compaction in a mould at a water content of
about 26%. Specimens were compacted in five lay-
ers, and the initial void ratio and initial degree of
saturation were controlled by changing the compac-
tion energy. The triaxial apparatus can directly mea-
sure the lateral strain of the specimen, and can also
control the matric suction. The lateral displacement
of the specimen was measured using three rings
made of stainless steel mounted at H/4, H/2 and
H from the top of the specimen, with H being the
specimen height (Sun et al., 2003, 2004). The speci-
men volume was calculated from the lateral dis-
placements measured by the three rings, using the
assumption that the lateral shape is approximated
by a third-order polynomial. The pore-water pres-
sure was maintained at atmospheric pressure during
the constant suction and wetting tests through a
ceramic disk installed in the pedestal with an air-
entry value of 300 kPa. The pore-air pressure was
applied at the top through a one-way filter that
can prevent water from seeping out. Hence, the
change in the water volume in the burette is the
same as the change in the water volume of the tested
specimen, thus allowing the degree of saturation to
be calculated. For other details, see Sun et al. (2000,
2003, 2004). The imposed stress paths in each case
can be varied, depending on the objective of each
test. The detailed stress path of each particular test
will be explained in the paper when the test results
are described. To investigate the influence of void
ratio on water-retention behaviour, two kinds of
tests were performed under isotropic stress condi-
tions—(i) the suction imposed on specimens with
different initial void ratios was reduced under con-
stant isotropic net stress; and (ii) the isotropic net
stress imposed on specimens with different initial
void ratios was increased under constant suction.
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Fig. 1. Water retention curves for different void ratios during
wetting.
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Fig. 2. Relation between void ratio and degree of saturation
during isotropic loading and triaxial tests under s = 147 kPa: (a)
relation between void ratio and degree of saturation, (b) imposed
stress paths.
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Fig. 1 shows the water retention curves for unsat-
urated compacted specimens A and B with different
initial void ratios, obtained from tests with constant
isotropic net stresses. These specimens were first iso-
tropically consolidated at a mean total stress pt of
20 kPa. Differential air pressures were then applied
to the specimens (147 kPa for A and 245 kPa for
B) with a mean net stress p of 20 kPa (where the
mean net stress p = pt � ua). The drainage valve
was then opened to dissipate the pore-water pres-
sure so that uw = 0. Specimen A was then wetted
by decreasing the imposed suction step by step,
whereas specimen B was loaded to an isotropic net
stress of 98 kPa under a constant suction of
245 kPa. To perform collapse tests, the imposed
suction was decreased in a drained mode under
constant net stress conditions. The range of e indi-
cated in the figure is the change in the void ratio
during the wetting tests. From other tests, it was
known that the initial suctions of specimen A and
B were about 100 and 200 kPa, respectively. The
part of the curve with a suction larger than the ini-
tial suction represents the scanning curve, and the
part of the curve with a suction smaller than the ini-
tial suction represents the main wetting curve. It can
be seen that the main wetting curve is shifted to the
right when the initial void ratio of the specimens
decreases. This is because the decrease in the void
ratio results in a decrease in connecting passageways
between the voids, and hence an increase in the air-
entry value (Ng and Pang, 2000).

Fig. 2 shows the experimental relation between
the degree of saturation and the void ratio from tri-
axial tests and the corresponding stress paths during
isotropic compression loading and/or shear loading
under a constant suction of 147 kPa. These speci-
mens were compacted at different initial void ratios
and different initial degrees of saturation, and were
first isotropically consolidated at a mean total stress
pt of 20 kPa with an initial suction of about
100 kPa. An air pressure of 147 kPa was then
applied to the specimens with a mean net stress p

of 20 kPa. The drainage valve was again opened
to zero the pore-water pressure, and the specimens
were loaded isotropically to a net stress of 196 kPa
or 392 kPa or 588 kPa, step by step, under a con-
stant suction of 147 kPa. Specimens C and D were
sheared to failure under p = 196 kPa and a suction
s = 147 kPa. It can be seen that, even under the
same imposed suction, the degree of saturation
increases when the unsaturated specimens are
compressed. It is interesting to note that the mea-
sured relations between the degree of saturation
and the void ratio for specimens with different initial
void ratios are very similar, and can be considered
to be linear. This linear relation seems to be true
both before and after yielding, because the initial
yield stress, which depends on the initial density of
the specimen, is inside the range of the isotropic
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loading. Therefore, it can be introduced into the
model in both the elastic and elastoplastic zones.

From Figs. 1 and 2, it can be concluded that the
water-retention curve of unsaturated compacted
clays is dependent not only on the wetting process
(or the drying process), but also on the void ratio.
Therefore, modelling of the water-retention curve
of unsaturated compacted clays needs to take the
void ratio into consideration. A good starting-point
for modelling the water-retention curve is to assume
that the degree of saturation Sr is linearly related to
the logarithmic value of the suction ln s (Wheeler
et al., 2003). In Fig. 3, the main drying and wetting
curves have a gradient ksr and the scanning curves
have a gradient js. That is to say, the scanning curve
and the main drying and wetting curves of the
water-retention curve are described respectively by

Sr ¼ S0
r ðeÞ � js ln

s
pa

ð1Þ

and

Sr ¼ S0
r ðeÞ � ksr ln

s
pa

ð2Þ

where S0
r ðeÞ is the degree of saturation at s = pa, and

is a function of the void ratio e, and pa is atmo-
spheric pressure.

Taking in account the experimental results
shown in Fig. 2, Eqs. (1) and (2) can be rewritten as

Sr ¼ Sr0 � kseðe� e0Þ � js ln
s
pa

ð3Þ

and

Sr ¼ Sr0 � kseðe� e0Þ � ksr ln
s
pa

ð4Þ

where Sr0 is the degree of saturation at s = pa and
e = e0, and kse is the gradient of the Sr versus e rela-
tion under constant suction. Differentiating Eqs. (3)
and (4) gives:
1
sr

Sr

ln s

1

sr

Wetting Drying

se1
e2

e1>e2

λ
λ

κ

Fig. 3. Model for water retention behaviour at different void
ratios.
dSr ¼ �kse de� js
ds
s

ð5Þ

and

dSr ¼ �kse de� ksr

ds
s

ð6Þ
3. Elastoplastic model incorporating

water-retention behaviour

This paper presents an elastoplastic constitutive
model for unsaturated soils, incorporating the influ-
ence of the degree of saturation on the stress–strain
relation and strength, and the influence of deforma-
tion on water-retention behaviour. The model is
applicable to unsaturated soils in which pore air
and pore water are continuous throughout the
voids.

3.1. Stress-state variable for unsaturated soil

To identify the hydraulic and mechanical behav-
iour of unsaturated soils properly, the stress-state
variables employed in the model are the ‘effective
stress’ tensor r0ij and the suction s, and the strain-
state variables are the soil skeleton strain tensor eij

and the degree of saturation Sr. The ‘effective stress’
tensor r0ij is defined by

r0ij ¼ rij � uadij þ Srsdij ð7Þ

where rij is the total stress tensor, Sr is the satura-
tion degree, ua is the pore-air pressure, and dij is
the Kronecker delta. Eq. (7) is similar to the effec-
tive stress proposed by Bishop and Blight (1963),
with Sr taking the place of the weighting factor v.
Note that Lewis and Schrefler (1987) first used Sr

as the effective stress parameter for unsaturated
soils. The ‘effective stress’ automatically becomes
Terzaghi’s effective stress for the saturated state.
The ‘effective stress’ is the same as the ‘average
stress’ (Jommi, 2000), or ‘Bishop’s stress’ (Wheeler
et al., 2003), or the ‘constitutive stress’ (Sheng
et al., 2004). The ‘effective stress’ and the suction
are not independent variables, but their work-conju-
gate strains (soil skeleton strains and the degree of
saturation) are independent variables (Sheng et al.,
2004). In previous work the so-called translated
stress and suction have been used as the stress-state
variables for modelling the mechanical behaviour of
unsaturated soil (Sun et al., 2000, 2003). The ‘effec-
tive stress’ and suction variables adopted in the
present study permit a general form of hydraulic
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behaviour to be represented and also provide a
smooth transition between the saturated and unsat-
urated states.

3.2. Formulation of the constitutive model for

isotropic stress states

In previous work, one of the present authors
developed a so-called ‘load-collapse’ (LC) yield
curve in the p-s plane under an isotropic stress state
(Sun et al., 2000). A similar form is adopted in the
following equation, except that the ‘effective stress’
is newly defined as per Eq. (7).

p0y ¼ p0n
p0y

p0n

� �kð0Þ�j
kðsÞ�j

ð8Þ

or

p0y ¼ p0n
p0y
p0n

� �kðsÞ�j
kð0Þ�j

ð9Þ

where p0y and p0y are the ‘effective’ yield stresses for
saturated soil and unsaturated soil with suction s

(see Fig. 4); p0n is an isotropic stress at which no col-
lapse occurs when the suction is decreased; j is a
swelling index for unsaturated soils (including satu-
rated soil in the e–lnp 0 plane); and k(0) and k(s) are
the slopes of the normal compression lines of satu-
rated soil and unsaturated soil with suction s in
the e–lnp 0 plane. The quantity k(s) is assumed as
per Sun et al. (2000):

kðsÞ ¼ kð0Þ þ kss
pa þ s

ð10Þ

where ks is a material parameter for identifying the
change of k(s) with suction s.

From Eq. (8) we have

dp0y ¼
op0y
op0y

dp0y þ
op0y
os

ds ð11Þ
0 p'

s

p0y

p'y

SI(s=sI)

SD(s=sD)

A B

CD

E

F

LC yield curve

Fig. 4. LC yield curve, SI and SD yield curves for isotropic stress
states.
where

op0y
op0y

¼ kð0Þ�j
kðsÞ�j

p0y

p0n

� �kð0Þ�kðsÞ
kðsÞ�j

ð12Þ

op0y
os
¼ ksp0npaðkð0Þ�jÞ

ðkðsÞ�jÞ2
ln

p0n
p0y

 !
1

paþ s

� �2 p0y

p0n

� �ðkð0Þ�jÞ=ðkðsÞ�jÞ

¼
ksp0ypaðkð0Þ�jÞ
ðkðsÞ�jÞ2ðpaþ sÞ2

ln
p0n
p0y

 !
ð13Þ

When the stress state is inside the LC yield curve,
the elastic volumetric strain increment is given by

dee
v ¼

jdp0

ð1þ eÞp0 ð14Þ

When the stress state is on the LC yield curve, the
plastic volumetric strain increment is given by

dep
v ¼
ðkð0Þ � jÞdp0y

ð1þ eÞp0y

ð15Þ

or, from Eq. (11):

dep
v ¼

kð0Þ � j
ð1þ eÞp0y

dp0y �
op0

os
ds

� ��
op0

op0y

ð16Þ

In addition to the LC yield curve, two more yield
curves are needed to model hydraulic hysteresis as
an elastoplastic process, as shown in Fig. 4. The
water-retention behaviour shown in Fig. 3 is repre-
sented by a suction increase (SI) yield curve and a
suction decrease (SD) yield curve in the p 0 � s plane.
When the suction changes during a drying (s P sI)
or wetting (s 6 sD) process, the degree of saturation
increment is given by Eq. (6); otherwise, the degree
of saturation increment given by Eq. (5). Therefore,
according to the relation between the stress state (p 0

and s) and the yield curves (LC, SI, and SD), differ-
ent equations must be used to calculate the strains
and the degree of saturation. When dp0y > 0 and
s > sI or s < sD, the volumetric strains and the de-
gree of saturation are calculated by Eqs. (14), (15)
and (6). When dp0y > 0 and sD 6 s 6 sI, they are cal-
culated by Eqs. (14), (15) and (5). When dp0y < 0,
and s > sI or s < sD, the volumetric strain and the
degree of saturation are calculated by Eqs. (14)
and (6). When dp0y < 0 and sD 6 s 6 sI, they are cal-
culated by Eqs. (14) and (5).

3.3. Formulation of the constitutive model under

axisymmetric stress states

The Modified Cam-clay model has been used
extensively for saturated soils, and gives reasonably
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good predictions for clays. This model is adopted
here because it is simple and all its parameters have
clear physical meanings. Assuming an associated
flow rule, the yield function (f) and the plastic
potential function (g) are proposed to have the fol-
lowing form:

f ¼ g ¼ q2 þM2p0ðp0 � p0yÞ ¼ 0 ð17Þ

Fig. 5 shows the geometrical shape of the yield func-
tion for s > 0 (unsaturated state) and s = 0 (satu-
rated state).

The associated flow rule is obeyed in the ‘effective
stress’ space; that is

dep
ij ¼ K

of
or0ij

ð18Þ

where the proportionality constant K can be deter-
mined from the consistency condition. Eq. (17)
can be rewritten as f ¼ f ðp0; q; p0yÞ ¼ 0, leading to:

df ¼ of
op0

dp0 þ of
oq

dqþ of
op0y

dp0y ¼ 0 ð19Þ

Substituting Eq. (11) into Eq. (19) and re-arranging
gives:

df ¼ of
op0

dp0 þof
oq

dqþ of
op0y

op0y
op0y

dp0yþ
of
op0y

op0y
os

ds¼ 0

ð20Þ
where the isotropic yielding stress p0y for saturated
soil is related to the volumetric strain ep

v and is the
same as that used in the traditional Cam-clay
model. Because the plastic volumetric strain ep

v is a
hardening parameter in the present model, the volu-
metric plastic strains dep

v caused by dp0y in a satu-
rated soil are the same as those in an unsaturated
soil which are caused by dp0y and/or ds. Allowing
for Eqs. (15) and (18), the following is obtained:

dp0y ¼
1þ e

kð0Þ � j
p0ydep

v ¼
1þ e

kð0Þ � j
p0yK

of
op0

ð21Þ
p'

q'

p'y

p0y

M

1

Unsaturated Soil 
with s

Saturated Soil

Fig. 5. Yield curves under constant suction.
Substituting Eq. (21) into Eq. (20) and solving for K
gives:

K ¼ �

of
op0

dp0 þ of
oq

dqþ of
op0y

op0y
os

ds

of
op0y

op0y
op0y

p0y

1þ e
kð0Þ � j

of
op0

ð22Þ

in which:

of
op0
¼ M2ð2p0 � pyÞ ð23Þ

of
oq
¼ 2q ð24Þ

of
op0y
¼ �M2p0 ð25Þ

From Eqs. (18) and (22), it is possible to calculate
the plastic strain increments caused by the incre-
ment in the ‘effective stress’ and/or the decrement
in suction. The derivatives of/op 0, of/oq, and
of =op0y are given in Eqs. (23)–(25), with op0y=op0y

and op0y=os being given in Eqs. (12) and (13).

4. Comparison of model predictions with

experimental results

4.1. Model parameters and their determination

Because the proposed constitutive model is for-
mulated within an elastoplastic framework, the
strains consist of elastic and plastic components.
The model requires five parameters to describe the
stress–strain behaviour (k(0), ks, j, p0n and M) and
three parameters to describe the water-retention
behaviour (ksr, js and kse).

To calculate the plastic strain, it is necessary to
determine the model parameters k(0), ks, j, p0n and
M. These model parameters are determined from
the results of isotropic compression tests with wetting
and loading–unloading–reloading processes, fol-
lowed by subsequent triaxial compression tests on
saturated and unsaturated soil under constant suc-
tion and constant p (or constant confining net stress).

Two tests are required to determine the model
parameters. First, an isotropic compression test is
conducted on unsaturated soil under a constant suc-
tion. Secondly, an unsaturated soil specimen is
loaded to a small net stress (for example, p =
50 kPa), and is then wetted to a saturated state.
An isotropic compression test (with a loading–
unloading–reloading cycle and a subsequent triax-
ial compression test) is then conducted on this
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saturated specimen. From the result of the triaxial
test on the saturated specimen, the internal friction
angle (/ or M) can be determined. From the result
of the isotropic compression test on the saturated
specimen with a loading–unloading–reloading stress
path, k(0) and j can be determined. The quantity p0n
can be determined from the coordinates of the point
where the two isotropic compression lines for the
saturated and unsaturated specimens intersect. ks

can be found from the values of k(0) and the com-
pression index of the unsaturated specimen with
suction s (using Eq. (10)).

The model parameters ksr, js and kse define the
water-retention curve and can be found as follows:
kse is the slope of the e � Sr line under constant suc-
tion, so kse can be determined by plotting e against Sr

for an isotropic compression test on unsaturated soil
under a constant suction. Thereafter, js and ksr are
determined from the results of a wetting test at small
net stress by using Eqs. (3) and (4), or Eqs. (5) and (6).

The elastic component is calculated from
Hooke’s law, with Poisson’s ratio assumed to be
1/3. The elastic modulus is calculated in the same
way as for the Cam-clay model:

E ¼ p0ð1þ eÞ
j

ð26Þ

The values of the relevant model parameters used in
predicting the stress–strain and water-retention
behaviour of the Pearl clay are as follows:

kð0Þ ¼ 0:12; j ¼ 0:03; ks ¼ 0:12;

p0n ¼ 2MPa; M ¼ 1:1 and kse ¼ 0:35;

ksr ¼ 0:13; js ¼ 0:01
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Fig. 6. Predicted and measured results of isotropic comp
The model parameters for predicting the stress–
strain behaviour are the same as those used previ-
ously by Sun et al. (2003), while the model parame-
ters for predicting the water-retention curve were
determined from Figs. 1 and 2.

4.2. Model prediction versus experimental results

Details of the clay properties, specimen prepara-
tion, triaxial apparatus, and testing procedure can
be found in previous work of Sun et al. (2000,
2003, 2004). These studies provide information
about the stress–strain behaviour of the soil; but
do not give details of the measured water-retention
behaviour. These are discussed below.

The stress paths in the following predictions of
the test results were specified in terms of net stress
(rij � uadij) and suction s. Increments in r0ij are given
by differentiating Eq. (7) according to

dr0ij ¼ dðrij � uadijÞ þ ðSr dsþ sdSrÞdij ð27Þ

Substituting Eqs. (5) and (6) into Eq. (27) gives:

dr0ij ¼ dðrij � uadijÞ þ ððSr � jsÞds� ksesdeÞdij

ð28Þ
dr0ij ¼ dðrij � uadijÞ þ ððSr � ksrÞds� ksesdeÞdij

ð29Þ
Because Eqs. (28) and (29) involve de, this must be
solved simultaneously with a constitutive model
equation before the stress path can be defined in
terms of the stress-state variables (the ‘effective
stress’ tensor r0ij and the suction s).
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ression and wetting tests on unsaturated Pearl-clay.
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Figs. 6 and 7 show comparisons between the
predicted and measured results of the isotropic
compression test and wetting test on unsaturated
compacted Pearl clay. The stress paths imposed on
the two specimens are shown in Fig 8—in which
point A is the initial state of the specimens and p
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Fig. 9. Predicted and measured results of triaxial compression test o
is a mean net stress. In addition to the above-
mentioned model parameters, the initial state
values—including initial net stress state (p0), initial
suction (s0), initial void ratio (e0), and initial yield
stress p0y—are needed in the model predictions.
Values of p0 = 20 kPa, s0 = 140 kPa, e0 = 1.38,
and p0y = 15 kPa were used in the model predictions
in Figs. 6 and 7. It can be seen that the proposed
model provides good predictions of the stress–strain
and water-retention behaviour of unsaturated
compacted clay. The predictions are accurate under
constant suction and also during a wetting path
under an isotropic stress state.

Fig. 9 shows a comparison of the predicted and
measured results of triaxial compression tests on
unsaturated compacted Pearl clay under constant
mean net stress (p = 196 kPa) and constant suction
)
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Fig. 10. Predicted and measured results of triaxial compression test under s = 147 kPa, wetting test (s = 147! 0 kPa) and triaxial
compression test under s = 0 kPa (p = 196 kPa).
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(s = 147 kPa). Fig. 10 shows a comparison of the pre-
dicted and measured results of triaxial compression
tests on unsaturated compacted Pearl clay under con-
stant mean net or effective stress (p = 196 kPa), in
which a wetting path (s = 147 kPa! 0 kPa) was
imposed with a stress ratio (r1/r3) of about 2.2 dur-
ing shearing. The stress paths imposed on two speci-
mens in Figs. 9 and 10 are shown in Fig. 11—path
DEH for Fig. 9 and path DEFG for Fig. 10. It can
be seen from Fig. 9 that the proposed model provides
a good description of the stress–strain and water-
retention behaviour of unsaturated compacted clay
under constant suction during shearing. From
Fig. 10, it can be seen that the proposed model pro-
vides an accurate description of the stress–strain
and water-retention behaviour of unsaturated com-
pacted clay—not only under constant suction but
also under a wetting path. It is interesting to note
that the model can provide a good prediction of the
stress–strain-volume-change behaviour and the
water-retention behaviour of unsaturated compacted
100 200
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Fig. 11. Stress paths for triaxial test under p = 196 kPa.
soil during the processes of constant suction (D! H
in Fig. 9 or Fig. 11, and D! E in Fig. 10 or Fig. 11),
during suction reduction (E! F in Fig. 10 or
Fig. 11), and during zero suction (F! G in Fig. 10
or Fig. 11) under triaxial compression stress.

It can be concluded from Figs. 6, 7, 9 and 10 that
the proposed eight-parameter model is capable of
providing good predictions of the stress–strain and
water-retention behaviour (including collapse behav-
iour) of unsaturated compacted soil under isotropic
or general stress paths. The model parameters can
be determined from isotropic compression tests and
triaxial compression tests on two unsaturated speci-
mens with suction control.
5. Conclusions

(1) An elastoplastic constitutive model for unsat-
urated soils incorporating water-retention
behaviour was proposed using a defined ‘effec-
tive stress’ tensor and the suction as stress-
state variables. The effects of the suction and
the degree of saturation on the stress–strain
behaviour, and the effects of suction and the
void ratio on water retention, have been taken
into account in the model.

(2) Several isotropic compression and triaxial com-
pression tests were carried out on unsaturated
compacted clay using a suction-controlled tri-
axial apparatus. During the tests, the degree
of saturation, the stresses, and the strains were
measured under suction control. In particular,
the wetting-induced collapse tests, under iso-
tropic or anisotropic stress states, were per-
formed by reducing the imposed suction.
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(3) The model predicts the stress–strain-strength
behaviour and the water-retention behaviour
of the compacted clay along paths of constant
suction or constant net stress. There are only
eight model parameters, and these can be
determined from isotropic compression tests
and triaxial tests on two unsaturated speci-
mens with suction control.
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