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a b s t r a c t

A number of hydro-mechanical elastoplastic constitutive models for unsaturated soils have recently been
proposed. These models couple the hydraulic and mechanical behaviour of unsaturated soils, and take
into account the effects of the degree of saturation on the stress–strain behaviour and the effects of defor-
mation on the soil–water characteristic response. In addition, the influence of the suction on the stress–
strain behaviour is considered. However, until now, there is no model that predicts the stress–strain and
soil–water characteristic responses of unsaturated soils under undrained conditions or constant gravi-
metric water contents. This paper presents the predictions of an unsaturated soil model for undrained
conditions, and compares these predictions with experimental results obtained from undrained isotropic
compression and triaxial compression tests on an unsaturated compacted soil. It is shown that the model
predicts the hydraulic and mechanical behaviour of unsaturated soil accurately under undrained
conditions.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction In this paper, we first briefly review a hydro-mechanical elasto-
Elastoplastic constitutive modelling for unsaturated soils was
pioneered by Alonso et al. [1] and Gens et al. [4], whose work led
to the complete formulation of Alonso et al. [2]. Since then, a num-
ber of constitutive relations have been proposed which are based
on experimental and theoretical studies (e.g., [6,13,5,9]. In recent
years, some elastoplastic constitutive formulations have also incor-
porated hydraulic hysteresis of the soil–water characteristic into
the stress–strain behaviour (e.g., [3,12,14,7,10]. These models de-
scribe the mechanical and hydraulic behaviour of unsaturated soils
simultaneously. However, until now, no hydro-mechanical simula-
tions of unsaturated soil behaviour during loading under un-
drained conditions or constant gravimetric water content have
been reported. Since the elastoplastic constitutive relations for sat-
urated soils can be formulated using effective stresses, their un-
drained response can be predicted by imposing the constant
volume condition even though the effective stress path is not given
during loading. Similarly, the undrained condition for an unsatu-
rated soil in this paper refers to the situation of constant gravimet-
ric water content in the soil. Constant gravimetric water content
can be achieved by closing all water drains during a test. It is also
an additional constraint in constitutive modelling and can be used
to predict the soil behaviour without the need to specify the suc-
tion during loading.
ll rights reserved.

: +86 21 56331971.
plastic model for unsaturated soils proposed by the authors [10].
Next, using this model, the equations for predicting the undrained
hydraulic and stress–strain behaviour of unsaturated soils are for-
mulated. Finally, the model predictions are compared with the
experimental results of isotropic compression and triaxial shear
tests on an unsaturated compacted soil under undrained
conditions.
2. Elastoplastic model incorporating soil–water characteristic
behaviour

The elastoplastic constitutive model for unsaturated soils pro-
posed by the authors [10] incorporates the influence of the degree
of saturation on the stress–strain relations and strength, the influ-
ence of deformation on the soil–water characteristic response, and
the influence of suction on both types of behaviour. The model is
applicable to unsaturated soils in which the pore air and pore
water are continuous throughout the voids. This paper adopts
the model to simulate the hydraulic and mechanical behaviour of
unsaturated soil under undrained conditions. In this section, the
model is reviewed briefly.
2.1. Stress-state variables for unsaturated soils

To identify the hydraulic and mechanical behaviour of unsatu-
rated soils properly, the stress-state variables employed in the
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model are the ‘average skeleton’ stress tensor r0ij and suction s,
while the strain-state variables are the soil skeleton strain tensor
eij and the degree of saturation Sr. The average skeleton tensor r0ij
is defined by

r0ij ¼ rij � uadij þ Srsdij ð1Þ

where rij is the total stress tensor, ua is the pore-air pressure, and dij

is the Kronecker delta. The average skeleton stress and suction vari-
ables adopted in the model permit a general form of hydraulic
behaviour to be represented and also provide a smooth transition
between the saturated and unsaturated states.

2.2. Soil–water characteristic behaviour of unsaturated soil

An important feature of unsaturated soil behaviour is the irre-
versible change in volume and degree of saturation that is caused
by cyclic drying and wetting under constant net stress. After exam-
ining many isotropic and triaxial compression test results for
unsaturated compacted soils during wetting, we concluded that
the degree of saturation is mainly dependent on the wetting-dry-
ing history, suction and void ratio, and is not directly dependent
on the stress-state for a given soil [11]. Therefore, the equations
identifying the soil–water characteristic curve can be simply ideal-
ized as shown in Fig. 1.

The main drying and main wetting curves of the soil–water
characteristic curves are expressed respectively by

Sr ¼ S0
rdðeÞ � ksr ln s main drying

Sr ¼ S0
rwðeÞ � ksr ln s main wetting

ð2Þ

while a scanning curve is given as

Sr ¼ S0
rsðeÞ � js ln s ð3Þ

In these equations, ksr and js are the slopes of the main drying (or
wetting) curve and the scanning curve, respectively; S0

rdðeÞ and
S0

rwðeÞ are the degrees of saturation respectively on the main drying
and main wetting curve when s = 1, and is a function of the void ra-
tio e, S0

rsðeÞ is the degree of saturation on the specific scanning curve
when s = 1, and is also a function of the void ratio e. The values of
S0

rdðeÞ; S
0
rwðeÞ and S0

rsðeÞ will depend on the void ratio and the unit
chosen for the suction measurement. Throughout this paper it is as-
sumed that the unit of suction is 1 kilopascal (kPa).

According to the results of isotropic compression tests and tri-
axial tests on unsaturated soils under constant suction, the void ra-
tio versus degree of saturation relation under constant suction can
be approximated by [10]:

dS0
riðeÞ ¼ �ksede; i ¼ d;w; s ð4Þ
1

sr

Sr

ln s

1

sr

Wetting Drying

s
e1
e2

e1>e2

λ
λ

κ

Fig. 1. Model for soil–water characteristic curves at different void ratios.
where kse is the slope of the Sr–e curve under constant suction. Dif-
ferentiating Eqs. (2) and (3) and then combining them with Eq. (4)
lead to

dSr ¼ �ksede� ksr
ds
s

ð5Þ

dSr ¼ �ksede� js
ds
s

ð6Þ

The above equations define the incremental soil–water characteris-
tic relations of unsaturated soils.

2.3. Formulation of the model for isotropic stress states

The so-called load-collapse (LC) yield curve in the p–s plane un-
der an isotropic stress-state can be modelled using the following
equation:

p0y ¼ p0n
p0y

p0n

� �kð0Þ�j
kðsÞ�j

ð7Þ

where p0y and p0y are the yield stresses for saturated soil and unsat-
urated soil with suction s (see Fig. 2), p0n is an isotropic stress at
which no collapse occurs when the suction is decreased, j is a
swelling index for unsaturated soils (including saturated soil in
the e–lnp0 plane), and k(0) and k(s) are the slopes of the normal
compression lines of saturated soil and unsaturated soil with suc-
tion s in the e–lnp0 plane. The quantity k(s) is assumed to take the
form:

kðsÞ ¼ kð0Þ þ kss
pa þ s

ð8Þ

where ks is a material parameter and k(0) + ks represents the slope
of the e–lnp0 curve when the suction approaches infinite. The slope
k(s) is assumed to increase with increasing suction, so that the wet-
ting-induced collapse does not increase with increasing mean stress
(see [9]). From Eq. (7), we have:

dp0y ¼
op0y
op0y

dp0y þ
op0y
os

ds ð9Þ

where

op0y
op0y

¼ kð0Þ � j
kðsÞj

p0y

p0n

� �kð0Þ�kðsÞ
kðsÞ�j

ð10Þ
0 p'
p0y

y

SI (s=sI)

SD(s=sD)

A
B

CD

F

LC yield curve

Fig. 2. LC yield curve, SI and SD yield curves for isotropic stress states.
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op0y
os
¼ ksp0npaðkð0Þ � jÞ
ðkðsÞ � jÞ2ðpa þ sÞ2

ln
p0n
p0y

 !
ð11Þ

When the stress-state is inside the LC yield curve, the elastic volu-
metric strain increment is given by

dee
v ¼

jdp0

ð1þ eÞp0 ð12Þ

where p0 is an isotropic average skeleton stress.When the stress-
state is on the LC yield curve, the plastic volumetric strain incre-
ment is given by

dep
v ¼
ðkð0Þ � jÞdp0y

ð1þ eÞp0y
ð13Þ

In addition to the LC yield curve, two more yield curves are
needed to model hydraulic hysteresis as an elastoplastic process
(see Fig. 2). The soil–water characteristic behaviour shown in
Fig. 1 is represented by a suction increase (SI) yield curve and a
suction decrease (SD) yield curve in the p0–s plane. When the suc-
tion changes during a drying (s P sI) or wetting (s 6 sD) process,
the degree of saturation increment is given by Eq. (5); otherwise,
the degree of saturation increment is given by Eq. (6). Therefore,
according to the relation between the stress-state (p0 and s) and
the yield curves (LC, SI, and SD), different equations must be used
to calculate the strains and the degree of saturation. When dp0y > 0
and s > sI or s < sD, the volumetric strain and the degree of satura-
tion are calculated using Eqs. (12), (13), and (5). When dp0y > 0
and sD 6 s 6 sI, these quantities are calculated from Eqs. (12),
(13), and (6). When dp0y = 0, and s > sI or s < sD, the volumetric
strain and the degree of saturation are calculated using Eqs. (12)
and (5). When dp0y = 0 and sD 6 s 6 sI, they are found from Eqs.
(12) and (6).

2.4. Formulation of the model under triaxial stress states

Assuming an associated flow rule, the yield function (f) and the
plastic potential function (g) are proposed to have the following
form:

f ¼ g ¼ q2 þM2p0ðp0 � p0yÞ ¼ 0 ð14Þ

where M is the slope of the critical line in the p0-q plane. Fig. 3
shows the geometry of the yield function for s > 0 (the unsaturated
state) and s = 0 (the saturated state) in the p0–q plane.

The associated flow rule is obeyed in terms of the average skel-
eton stress space according to

dep
ij ¼ K

of
or0ij

ð15Þ

where the proportionality constant K can be determined from the
consistency condition. Since Eq. (14) can be rewritten as
f = f(p0,q,p0y) = 0, we have:
p'

q

p'y

p0y

M

1

Unsaturated Soil
   with s

Saturated Soil

Fig. 3. Yield curves under constant suctions.
df ¼ of
op0

dp0 þ of
oq

dqþ of
op0y

dp0y ¼ 0 ð16Þ

Substituting Eq. (9) into Eq. (16) and re-arranging gives:

df ¼ of
op0

dp0 þ of
oq

dqþ of
op0y

op0y
op0y

dp0y þ
of
op0y

op0y
os

ds ¼ 0 ð17Þ

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

v . Because the plastic volumetric strain ep
v is a

hardening parameter in the model, the volumetric plastic strains
dep

v caused by dp0y in a saturated soil are the same as those in an
unsaturated soil which are caused by dp0y and/or ds. Combining
Eqs. (13) and (15) gives:

dp0y ¼
1þ e

kð0Þ � j
p0ydep

v ¼
1þ e

kð0Þ � j
p0yK

of
op0

ð18Þ

Substituting Eq. (18) into Eq. (17) and solving for K gives:

K ¼ �
of
op0 dp0 þ of

oq dqþ of
op0y

op0y
os ds

of
op0y

op0y
op0y

p0y
1þe

kð0Þ�j
of
op0

ð19Þ

From Eqs. (15) and (19), it is possible to calculate the plastic
strain increments caused by an increment in the average skeleton
stress and/or the decrement in suction.

3. Modelling of unsaturated soil behavior under undrained
conditions

In the above elastoplastic model for unsaturated soils, we need
to know the average skeleton stress and suction to predict defor-
mation and degree of saturation. If the stress paths are specified
in terms of the net stress rij–uadij and suction s, the increments
in r0ij are found by differentiating Eq. (1) according to

dr0ij ¼ dðrij � uadijÞ þ ðSrdsþ sdSrÞdij ð20Þ

In order to express the soil water characteristic curve simply, Eqs.
(5) and (6) can be written as

dSr ¼ �ksede� b
ds
s

ð21Þ

where

b ¼
js for the scanning curve
ksr for the main wetting or drying curve

�
ð22Þ

Substituting Eq. (21) into Eq. (20) gives

dr0ij ¼ dðrij � uadijÞ þ ½ðSr � bÞds� ksesde�dij ð23Þ

For undrained tests on unsaturated soil we only know the net
stress paths, the initial suction, the initial degree of saturation,
and the gravimetric water content of the specimen. As mentioned
before, to predict the deformation and degree of saturation we
need to know the average skeleton stress and the suction. In the
following, we formulate the equations to obtain the average skele-
ton stress and suction from the known net stress path for isotropic
stress and triaxial stress states under undrained conditions.

3.1. Formulation for an isotropic stress-state

From Eq. (23), we know that dr0ij is related to de and ds, in addi-
tion to the net stress rij–uadij. For undrained conditions eSr = wGS=
constant, where w is the gravimetric water content and Gs is spe-
cific gravity. During loading and/or wetting/drying under constant
gravimetric water content, we have:

edSr ¼ �Srde ð24Þ
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Combining Eq. (21) into Eq. (24) gives

Sr

e
� kse ¼

bds
sde

ð25Þ

When the stresses lie inside the LC yield curve for an isotropic
stress-state:

de ¼ �jdp0

p0
ð26Þ

where p0 is an isotropic average skeleton stress.
Substituting Eq. (26) into Eq. (23) and rearranging gives

dp0 ¼ dpnet þ ðSr � bÞds
p0 � sjkse

p0 ð27Þ

where pnet is an isotropic net stress.
Substituting Eq. (27) into Eq. (26) gives

de ¼ j½dpnet þ ðSr � bÞds�
sjkse � p0

ð28Þ

Inserting Eq. (28) into Eq. (25) and rearranging gives

ds ¼ sjðSr � kseeÞdpnet

beðsjkse � p0Þ þ sjðSr � bÞðksee� SrÞ
ð29Þ

When only elastic deformation takes place for an isotropic stress-
state under undrained conditions, ds can be calculated from Eq.
(29) using the value of dpnet; dp0 and de can be calculated from
Eqs. (27) and (28), respectively, using the values of ds and dpnet;
dSr can be calculated from Eq. (21) using the values of ds and de.

When the stresses lie on the LC yield curve for an isotropic
stress-state:

de ¼ �
kð0Þdp0y

p0y
ð30Þ

Substituting Eq. (30) into Eq. (23) gives

dp0y ¼ dpnet þ ðSr � bÞdsþ
ksekð0Þsdp0y

p0y
ð31Þ

where pnet is an isotropic net stress corresponding to the average
skeleton stress p0y. Rearranging Eq. (9) gives

dp0y ¼
dp0y �

op0y
os ds

op0y
op0y

ð32Þ

Inserting Eq. (31) into Eq. (32), and rearranging gives

dp0y ¼
dpnet þ Sr � b� op0y

os

� �
ds

op0y
op0y
� ksekð0Þs

p0y

ð33Þ

while Eqs. (33) and (30) furnish

de ¼
kð0Þ dpnet þ Sr � b� op0y

os

� �h i
ds

ksekð0Þs� p0y
op0y
op0y

ð34Þ

Combining Eq. (34) into Eq. (25) and rearranging gives

ds ¼ skð0ÞðSr � kseeÞdpnet

be ksekð0Þs� p0y
op0y
op0y

h i
� skð0ÞðSr � kseeÞ Sr � b� op0y

os

� � ð35Þ
ds ¼
Sr
e � kse
� �

skð0Þ ð2p0 � p0yÞdpnet þ 2q
M2 dq

h i
b ð2p0 � p0yÞksekð0Þs� p0yp0

op0y
op0y

h i
þ kse � Sr

e

� �
skð0Þ ðSr � bÞð2p0 � p0yÞ

h

When elastoplastic deformation takes place for an isotropic stress-
state under undrained conditions, ds can be calculated from Eq. (35)
using the value of dpnet; dp0y can be calculated from Eq. (33) using
the values of dpnet and ds, and de can be calculated from Eq. (30)
using the value of dp0y; dSr can be calculated from Eq. (21) using
the values of ds and de.

3.2. Formulation for a triaxial stress-state

When the stresses lie inside the yield surface under a triaxial
stress-state:

de ¼ �jdp0

p0
ð36Þ

Combining Eq. (36) into Eq. (23) and rearranging gives

dp0 ¼ dpnet þ ðSr � bÞds
p0 � sjkse

p0 ð37Þ

where pnet is the mean net stress.
Substituting Eq. (37) into Eq. (36) gives

de ¼ j½dpnet þ ðSr � bÞds�
sjkse � p0

ð38Þ

while Eq. (38) and Eq. (25) lead to

ds ¼ sjðSr � kseeÞdpnet

beðsjkse � p0Þ þ sjðSr � bÞðksee� SrÞ
ð39Þ

When only elastic deformation takes place for a triaxial stress-state
under undrained conditions, ds can be calculated from Eq. (39)
using the value of dpnet; dp0 and de can be found from Eqs. (37)
and (38), respectively, using the values of ds and dpnet; dSr is given
by Eq. (21) using the values of ds and de.
When the stresses lie on the yield surface for a triaxial stress-state,
differentiation of Eq. (14) leads to

dp0y ¼ 2�
p0y
p0

� �
dp0 þ 2q

M2p0
dq ð40Þ

Manipulating Eqs. (23), (40), and (30) gives

dp0y ¼ 2�
p0y
p0

� �
dpnet þ ðSr � bÞdsþ sksekð0Þ

p0y
dp0y

" #
þ 2q

M2p0
dq

ð41Þ

while Eqs. (41) and (32) furnish

dp0y ¼
ð2p0 � p0yÞdpnet þ ðSr � bÞð2p0 � p0yÞ � p0

op0y
os

h i
dsþ 2q

M2 dq

p0
op0y
op0y
� 2ðp0 � p0yÞ

ksekð0Þs
p0y

ð42Þ

Substituting Eq. (42) into Eq. (30) gives

de ¼
kð0Þ ð2p0 � p0yÞdpnet þ ðSr � bÞð2p0 � p0yÞ � p0

op0y
os

h i
dsþ 2q

M2 dq
n o

ð2p0 � p0yÞksekð0Þs� p0yp0
op0y
op0y

ð43Þ

while inserting Eq. (43) into Eq. (25) and rearranging furnishes
� p0
op0y
os

i ð44Þ
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When elastoplastic deformation takes place for a triaxial stress-
state under undrained conditions, ds can be found from Eq. (44)
using the value of dpnet and dq; dp0y can be calculated from Eq.
(42) using the values of dpnet, dq and ds, and de can be computed
from Eq. (30) using the value of dp0y. dSr can be found from Eq.
(21) using the values of ds and de.

The elastic component is calculated from Hooke’s law using the
average skeleton stress instead of the net stress and suction, where
the increments in the former are calculated from Eq. (23). Poisson’s
ratio is assumed to be 1/3 and the elastic modulus is calculated
from Eq. (36):

E ¼ p0ð1þ eÞ
j

ð45Þ
4. Comparison of model predictions with experimental results

4.1. Undrained tests on unsaturated soil

In order to observe undrained unsaturated soil behaviour, an
isotropic compression test and two triaxial compression tests on
unsaturated compacted Pearl clay were carried out under constant
gravimetric water content conditions. Details of the clay proper-
ties, specimen preparation, and triaxial testing apparatus for unsat-
urated soils can be found in Sun et al. [8–11]. The previous tests on
unsaturated Pearl clay were performed with the net stress and suc-
tion paths being controlled, with the strains (including the axial
strain and lateral strain) and water content being measured, i.e.,
so-called drained tests. In the present work, the tests on the same
unsaturated compacted clay were performed with the net stress
path being controlled and with the suction and the strains being
measured under constant gravimetric water content (i.e., closing
the drainage valve for pore water), i.e., undrained tests here. The
pore water pressure was measured with the pore air pressure
being kept at a constant value during the testing, i.e., the suction
was not controlled but measured during the test.

4.2. Model parameters

As discussed in [10], the model requires five material parame-
ters to describe the stress–strain behaviour (k(0),ks, j, p0n,M) and
three material parameters to describe the soil–water characteristic
behaviour (ksr,js,kse).

The values of the material parameters that were used to predict
the stress–strain and soil–water characteristic behaviour of the
1

3
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Fig. 4. Predicted and measured results of triaxial compression test
Pearl clay are as follows: k(0) = 0.11, j = 0.03, ks = 0.13,
p0n = 1.62 MPa, M = 1.1, kse = 0.35, ksr = 0.13, js = 0.03.

These values are the same as those used to predict the stress–
strain and soil–water characteristic behaviour under drained con-
ditions (see Fig. 4). In addition to the above-mentioned model
parameters, the initial state values – including initial suction (s0),
initial void ratio (e0), initial degree of saturation (Sr0), and initial
yield stress p0y – are needed for the model predictions.

4.3. Model predictions versus experimental results

Fig. 4 shows the measured and predicted results of triaxial com-
pression tests on compacted Pearl clay under drained condition,
i.e., with the net stress and suction being controlled (p = 196 kPa
and s = 100 kPa) and the strains and water content being mea-
sured. In the figure, r1/r3 is the net stress ratio, and e1, e3 and ev

are the axial strain, lateral strain and volumetric strain, respec-
tively. The model parameters used for the prediction in Fig. 4 in-
clude: the initial state values of e0 = 1.11, Sr0 = 76.0%, and
p0y = 40 kPa, in additional to those material parameters given
above. From Fig. 4, it can be seen that the model by Sun et al.
[10] is capable of predicting the stress–strain relation as well
as the variation of the degree of saturation under drained
condition.

Fig. 5 shows the measured and predicted results of the isotropic
compression test on unsaturated compacted Pearl clay, under un-
drained conditions, in terms of the relations: (a) void ratio versus
mean net stress, (b) void ratio versus suction, (c) degree of satura-
tion versus mean net stress, and (d) degree of saturation versus
suction, i.e., soil–water characteristic curve. The isotropic net stress
was applied from 20 kPa to 600 kPa under undrained conditions,
with the pore water pressure being measured and the pore air
pressure being kept at 100 kPa during loading. Fig. 6 shows the
measured and predicted stress paths of the same test during the
isotropic compression under undrained conditions, in terms of
(a) suction versus mean net stress relation, and (b) suction versus
mean average skeleton stress. The collapse-loading (LC) yield
curves corresponding to the initial and final states are also shown
in Fig. 6b. The test results show that with the increase in the mean
net stress pnet, the pore water pressure uw also increases. Since the
pore air pressure ua was kept unchanged (ua = 100 kPa), the suction
s decreases with the compression. Note also that the volume de-
creases with increasing isotropic compression stress for unsatu-
rated soil, which is a significant difference from the undrained
test on saturated soil.
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on unsaturated Pearl clay under s = 100 kPa and p = 196 kPa.
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Fig. 5. Measured and predicted results of isotropic compression test on unsaturated Pearl clay under undrained condition.
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Fig. 6. Measured and predicted stress paths during isotropic loading under undrained condition.
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Initial state values of s0 = 120 kPa, e0 = 1.33, Sr0 = 52.5%, and
p0y = 20 kPa were observed at the beginning of the test, and these
values were used as the initial values in the model predictions in
Figs. 5 and 6. The test and predicted results show that the suction
decreases and the degree of saturation increases during isotropic
compression under undrained conditions. It can be seen that the
model provides good predictions of the stress–strain and soil–
water characteristic behaviour of unsaturated compacted clay dur-
ing the isotropic compression. The changes in the void ratio, degree
of saturation, and suction are relatively small during isotropic
loading over the Section AB, because the deformation and hydrau-
lic characteristics are ‘‘elastic”. In Section BC, the deformation is
elastoplastic but the hydraulic characteristics are still ‘‘elastic”. In
Section CD, the changes in the void ratio, degree of saturation,
and suction are larger because the deformation and hydraulic char-
acteristics are ‘‘elastoplastic”. Overall, the model predictions are in
agreement with the test results.

Figs. 7 and 8 compare the measured and predicted results for
undrained triaxial compression tests on unsaturated compacted
Pearl clay with a different suction and degree of saturation prior
to shearing, although the initial state of the specimens is almost
the same as that for Figs. 5 and 6. Unlike undrained tests on satu-
rated soil, volume change takes place during undrained shear tests
on unsaturated clay.
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Fig. 7 shows the predicted and measured results for an un-
drained triaxial compression test on unsaturated compacted Pearl
clay with a relatively low initial degree of saturation. During the
testing, a constant mean net stress (pnet = 200 kPa) was applied
to the specimen. The initial values of s0 = 85.4 kPa, e0 = 1.23,
Sr0 = 55.2% and p0y = 20 kPa at the beginning of the shear test were
observed, and they are used as the initial values in the model pre-
diction. From the comparison, the model provides a good predic-
tion of the stress–strain and soil–water characteristic behaviour
for this type of test. The measured and predicted results both show
that the degree of saturation increases with decreasing suction
during shearing under undrained conditions and constant mean
net stress. It is also seen from Fig. 7a that the undrained strength
of unsaturated soil can be predicted well.

Fig. 8 shows predicted and measured results for an undrained
triaxial compression test on unsaturated compacted Pearl clay
with a relatively high initial degree of saturation. During the test,
the net lateral pressure was kept constant at 100 kPa. In order to
measure the suction correctly, the axis-translation technique was
adopted in the test, i.e., a constant pore air pressure of 100 kPa
was applied to the specimen. As a result, a positive pore water
pressure uw was observed during shearing. Initial values of
s0 = 64.0 kPa, e0 = 1.2, Sr0 = 70.1% and p0y = 20 kPa were observed
at the beginning of the shear test, and these values were used as
the initial values in the model predictions in Fig. 8. From the com-
parison, it is interesting to note that the model provides not only a
good prediction of the stress–strain behaviour, but also the suction
and degree of saturation response. Both the measurement and pre-
diction show that the suction decreases and the degree of satura-
tion increases during triaxial compression, with the net confining
pressure being kept constant under undrained conditions.

The test results in Figs. 7 and 8 indicate that the sample with a
high value of s�Sr has a higher net stress ratio at failure than the
sample with a low value of s�Sr for almost the same r3. The model
is capable of predicting this difference although the average skele-
ton stress ratio at failure is assumed to be the same in the model.

From Figs. 4–8, it can be seen that the model proposed by the
authors well predict the coupled hydro-mechanical behaviour for
both drained and undrained conditions, by using the same set of
model parameters for the same clay.

5. Concluding remarks

A coupled hydro-mechanical model for unsaturated soils, refor-
mulated for undrained conditions, has been shown to be capable of
predicting the stress–strain and soil–water characteristic response.
The hydro-mechanical model gives good predictions for these
quantities under both drained and undrained conditions, and also
gives good estimates of the undrained strength of unsaturated
soils. The same set of model parameters can be used for both
drained and undrained conditions for the same soil.
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