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a b s t r a c t

Based on the equations for volume change and saturation variation proposed in the companion paper
[37], an alternative constitutive framework is presented for interpreting coupled hydro-mechanical
behaviour for unsaturated soils. In this new framework, all constitutive laws are built in the space of
stress vs. degree of saturation. Suction is not involved explicitly in the constitutive model for unsaturated
soils. The loading-collapse yield surface is derived based on the proposed volume change equation in the
plane of the effective degree of saturation and the Bishop effective stress. The proposed volume change
equation and the corresponding yield surface are generalised to three-dimensional stress states by
incorporating with the Modified Cam-clay model, following the same procedure introduced in the
Sheng–Fredlund–Gens (SFG) model. The basic properties and performance of the proposed constitutive
model are then illustrated through numerical examples with various drying/wetting/loading paths.
Finally, the proposed model is validated against a variety of experimental data including drained and
undrained tests, isotropic and triaxial tests and reconstituted and compacted soils.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

A new volume change equation has been proposed in the pre-
ceding companion paper [37]. In the volume change equation,
the soil compression index, which is assumed to be a function of
the effective degree of saturation, is interpolated from the known
compressibility at the fully saturated state and that at a dry state.
A novel approach to simulate saturation variation (both hydraulic
hysteresis and hydro-mechanical interaction) was then introduced,
which enables the calculation of the effective degree of saturation
under complex stress and suction paths. The proposed volume
change equation in terms of Bishop’s effective stress and degree
of saturation gives a better explanation to the non-linear change
of soil compressibility under constant suction.

The objective of the present paper is to demonstrate and vali-
date a specific constitutive model constructed on the fundamental
ll rights reserved.
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Zhou), Daichao.Sheng@newc
(S.W. Sloan), Antonio.Gens@
equations for volume change and saturation variation proposed in
the companion paper [37].

The paper is organised as follows. Based on basic equations for
volume change and saturation variation, the yield surface and con-
stitutive relationships are developed following the general proce-
dure presented in the SFG model [17], with the degree of
saturation as a state variable or an additional variable in the stress
space. The basic properties and performance of the proposed model
are then illustrated through three numerical examples with differ-
ent paths: i.e. (1) drying ? isotropic loading ? wetting-collapse,
(2) drying ? loading to full saturation ? suction reduction, and
(3) drying–wetting circle with different net stresses. Finally, the
proposed model is validated against a variety of experimental data.
The experimental validation involves both reconstituted unsatu-
rated soils and compacted soils. The experimental results for model
validation include: (1) suction-controlled isotropic loading and
soaking tests, (2) undrained isotropic compression tests, (3) suc-
tion-controlled triaxial tests, and (4) undrained triaxial tests. A
comparison between the predictions and the experimental data
shows that the model broadly captures the essential behaviour of
the tested soil in various conditions (drained/undrained, isotro-
pic/triaxial, drying/wetting), which indicates that the fundamental
equations proposed in Zhou et al. [37] and the specific model
presented in this paper are a sound foundation for the description
of hydromechanical behaviour of unsaturated soils.
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Fig. 1. Yield surfaces in the plane of effective degree of saturation vs. mean effective
stress: (a) variation of yield surfaces with a1, (b) variation of yield surfaces with
yield stress, (c) variation of yield surfaces with kd.

Table 1
Parameters for numerical study on proposed model.

Parameters: Mechanical component Parameters: Hydraulic component

Elastoplastic compressibility SWCC (main drying and wetting)
k0 = 0.2, kd = 0.04 ad = 200 kPa, nd = 0.5, md = 2.5

aw = 50 kPa, nw = 0.5, mw = 2.5
Residual degree of saturation

Sres
r ¼ 0

Elastic compressibility SWCC (scanning)
j = 0.02 b = 3.0

Influence of Se on compressibility Influence of deformation on Se

a1 = 1.0 a2 = 0.5 for Case 1
a2 = 0.05 for Case 2
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2. Constitutive relationships in the stress–saturation space

Following the original and Modified Cam-clay models
[14,13,15], plastic volumetric strain ðep

vÞ is adopted as the harden-
ing parameter here to develop the constitutive law from the vol-
ume change equation proposed previously. The yield surface can
be derived from the contours of the constant plastic volumetric
strain. In the plane of effective degree of saturation and effective
mean stress, the intersection point between the yield surface and
the p0-axis (where the effective degree of saturation is equal to
one) is defined as the yield stress, p0c.

2.1. Yield stress for isotropic conditions

The plastic volumetric strain of an arbitrary point on the normal
consolidation line can be calculated through volume change equa-
tion, i.e. Eqs. (3) and (6) in Zhou et al. [37]:

ep
v ¼

kðSeÞ � j
N

ln p0 ð1Þ

Meanwhile, the plastic volumetric strain can also be defined by
the yield stress ðp0cÞ based on Terzaghi’s effective stress principle
for the fully saturated state:

ep
v ¼

k0 � j
N

ln p0c ð2Þ

Combining Eqs. (1) and (2), we obtain the yield surface (i.e. the
contour of constant plastic volumetric strain) for the yield stress
p0c:

p0 ¼ ðp0cÞ
b
; b ¼ k0 � j

kðSeÞ � j
ð3Þ

Because of the hydraulic hysteresis and hydro-mechanical
interaction, the yield surface is not easy to illustrate in the plane
of suction and mean net stress, such as in the traditional loading-
collapse yield surface of the BBM [1]. But, as shown in Fig. 1, the
yield surface can be plotted in the space of effective degree of sat-
uration vs. effective stress (i.e. Se—p0 space). Fig. 1a shows the yield
surfaces (at p0c ¼ 10 kPaÞ for different values of the fitting parame-
ter a1, Fig. 1b shows the yield surfaces (a1 = 1.0) for various values
of the yield stress ðp0cÞ, and Fig. 1c shows the yield surfaces
(a1 = 1.0, and p0c ¼ 10 kPaÞ for various values of kd. The material
parameters (such as k0; kd, and j) are listed in Table 1.

2.2. Generalising constitutive relationships to triaxial conditions

The Modified Cam-clay model (MCC, [13]) is employed as the
starting point for extending the constitutive model from an isotro-
pic state to a triaxial stress state. If we need to model the compli-
cated stress–strain behaviour of real soils (such as softening
behaviour, peak strength, shear-dilation, kinematic hardening
and time-dependency), the MCC model can be replaced by a num-
ber of advanced saturated models, such as a bounding surface
model, a sub-loading surface model, a three-dimensional stress
model, a density-dependent model, or an elastic–viscoplastic mod-
el [3,6,8,34,33,35]. Some attempts to apply these advanced models
into unsaturated constitutive modelling can be found in the recent
literature (e.g. [22,4,32,10,30,9,12]). Similarly, the proposed isotro-
pic constitutive model can also be combined with these advanced
saturated models if necessary.

The MCC yield surface (ellipse) for a triaxial stress state can be
expressed as

q2 �M2p0ðp0x � p0Þ � 0 ð4Þ
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where q is the deviator stress; M is the stress ratio (q/p0) at the crit-
ical state which is assumed to be independent of the saturation sta-
tus and suction levels [28,11,36], but can vary with the Lode’s angle
[18], and p0x is the intersection point between the MCC ellipse and
the p0-axis. For both saturated and unsaturated soils, the yield sur-
face in p0–q space can be written using Eqs. (3) and (4). Combining
these equations we obtain

p0x ¼
q2

M2p0
þ p0 ¼ ðp0cÞ

b () q2

M2p0
þ p0

 !1
b

¼ p0c ð5Þ

The plastic volumetric strain ðep
vÞ is adopted as the hardening

parameter and the hardening law is defined as follows:

dp0c
p0c
¼ 1þ e

k0 � j
dep

v ð6Þ

The yield surfaces for triaxial stress states are illustrated in the
plane of p0—Se—q in Fig. 2. An associated flow rule for MCC is also
accepted here for simplicity, i.e.:

dep
v

dep
d

¼ M2p02 � q2

2p0q
ð7Þ

where dep
v is the incremental plastic volumetric strain and dep

d is the
incremental plastic deviator strain.
3. Numerical study

In this section, some numerical examples are used to illustrate
the performance of the proposed hydro-mechanical model. Some
typical mechanical (isotropic) or hydraulic loading/unloading
paths are employed, such as (1) drying–loading–wetting (to the
saturated state), (2) drying–loading (to fully saturated state)-suc-
tion reduction, (3) and a drying–wetting cycle under different
stresses. The parameters for a hypothetical soil used in the numer-
ical study are listed in Table 1. The residual degree of saturation is
assumed to zero, i.e. Sres

r ¼ 0, and Sr = Se.
Se=1

x cp p′ ′=

( )x cp p
β′ ′=

M
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Fig. 2. Yield surfaces under triaxial stress state.
3.1. Case 1: Drying ? isotropic loading ? wetting-collapse

The performance of the proposed model under a drying–load-
ing–wetting circle is investigated in the first example. The net
stress-suction path is illustrated in Fig. 3a. In the first phase, the
slurry soil, (point A, fully saturated, initial mean net stress
�p ¼ 1 kPa, initial suction s = 0 kPa, initial yield stress p0c ¼ 1 kPaÞ
is dried under a constant net stress to point B (unsaturated, mean
net stress �p ¼ 1 kPa, suction s = 200 kPa). The specimen is then
loaded from point B to point C (unsaturated, mean net stress
�p ¼ 1000 kPa, suction s = 200 kPa) under a constant suction. After
that, holding the net stress constant, the soil is wetted from point
C to point D (fully saturated, mean net stress �p ¼ 1000 kPa, suction
s = 0 kPa). Fig. 3b and c shows the mechanical responses over this
net stress-suction path. The relationship between the voids ratio
and the mean net stress ðv— ln �pÞ is plotted in Fig. 3b, and that be-
tween the voids ratio and the suction ðv— ln sÞ in Fig. 3c. Some ba-
sic behaviour features of unsaturated soils, such as the apparent
consolidation due to drying as well as wetting-collapse, can there-
fore be simulated by the proposed model.

The relationship between the degree of saturation and the mean
net stress ðSr— ln �pÞ is drawn in Fig. 3d and that between the degree
of saturation and the suction ðSr— ln sÞ in Fig. 3e. The increase of the
degree of saturation due to loading and the non-linear scanning
wetting curve is modelled by the proposed constitutive relation-
ships. It is important to note that the scanning curve can lie outside
the primary branch as predicted in Fig. 3e if a change of net stress
is involved. In Fig. 3b and d, the yielding point (point Y) due to
loading is indicated by symbol ‘H’. Fig. 3f shows the effective stress
path in the plane of the effective degree of saturation vs. the effec-
tive mean stress ðSe— ln p0Þ. This figure illustrates the evolution of
the yield surface as well as the elastoplastic/elastic responses of
this hypothetical soil.

The drying process for the normally consolidated saturated soil
generates an elastoplastic compression and expands the yield sur-
face while changing its shape. At turning point E that is indicated
by symbol ‘q’, the stress point moves to the inside of the yield sur-
face (the yield surface keeps unchanged) and a purely elastic re-
sponse occurs after that. Beyond point E, the shrinkage volume
due to drying sharply decreases (only elastic compression occurs),
which is in accordance with the experimental results presented by
Cunningham et al. [5] (see test data presented in Fig. 7). Loading
after drying leads to the movement of the stress point towards
the yield surface. At yielding point Y which is indicated by symbol
‘w’, the stress point touches the yield surface and generates an
elastoplastic response. The wetting path CD first causes an elasto-
plastic volume decrease (collapse) and then a small elastic volume
increase, Fig. 3c. The point D0 corresponds to the full saturation, as
shown in Fig. 3e, which also explains the plateau observed along
the path D0D in Fig. 3c. Point D is slightly within the yield surface
of point D0 in Fig. 3f. The elastic/elastoplastic transition shown in
Fig. 3f is consistent with the volume and saturation changes shown
in Fig. 3b–e.

3.2 Case 2: Drying ? loading to full saturation ? suction reduction

In this numerical example, the performance of the proposed
model is studied over a wide range of mean net stress values.
The net stress-suction path is shown in Fig. 4a. Prior to compres-
sion, the unsaturated specimen (point B: unsaturated, mean net
stress �p ¼ 1 kPa, suction s = 200 kPa) is dried from a slurry state
(point A: fully saturated, initial mean net stress �p ¼ 1 kPa, initial
suction s = 0 kPa, and initial yield stress p0c ¼ 1 kPa). The specimen
is then loaded from point B to point C (fully saturated, mean net
stress �p ¼ 20 MPa, suction s = 200 kPa) under the constant suction
of 200 kPa. After that, the suction is reduced to point D under
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constant net stress (fully saturated, mean net stress �p ¼ 20 MPa,
suction s = 0 kPa). The relationship between the voids ratio and
the mean net stress ðm— ln �pÞ is plotted in Fig. 4b. Along the loading
path BC, the soil yields at point Y. The curve between points Y and
C therefore corresponds to the so-called constant-suction normal
compression of the soil and is clearly not a straight line. It ap-
proaches the normal compression line for the saturated soils
smoothly, indicating it is indeed possible to compress the soil to
full saturation under constant suction. Fig. 4c shows the volume
change against the logarithmic suction. Since the soil at point C
is already fully saturated, the wetting path CD only causes a small
elastic volume expansion.

The corresponding change of the degree of saturation is plotted
against the mean net stress in Fig. 4d and against the suction in
Fig. 4e. Path AB and path CD are both on the primary (main) drying
and wetting curves, respectively, but for different net stresses.
Fig. 4f shows the compression curve in the plane of the specific vol-
ume vs. the effective mean stress ðv— ln p0Þ. As shown in Fig. 4f, the
slope of the compression curve keeps increasing during loading
and the state point eventually moves back to the saturated NCL.
Fig. 4g shows the effective stress path, as well as the evolution of
the yield surface in the plane of the effective degree of saturation
vs. the effective mean stress ðSe— ln p0Þ. It shows that the second
part of the drying path AB causes only elastic volume change and
the turning point (E) is marked by symbol ‘q’. The first part of
the loading path BC is also elastic and the yield point (Y) is indi-
cated by symbol ‘w’. Finally, Fig. 4h shows the potential wetting-
induced collapse volume vs. the mean net stress, which mimics
the experimental results shown in Fig. 4 in Zhou et al. [37]. The
point where the fully saturated NCL is reached by loading is indi-
cated by symbol ‘4’ in Fig. 4b–h.

3.3. Case 3: Drying–wetting circle under different net stresses

In the last numerical example, we examine the performance of
the proposed model for drying–wetting cycles ðSr— ln sÞ under dif-
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ferent mean net stresses (1 kPa, 200 kPa and 1000 kPa), as shown
in Fig. 5. The drying–wetting cycle ðSr— ln sÞ under 1 kPa of load
is adopted as the reference cycle to exhibit the effect of the mean
net stress on the hydraulic response. All the hydraulic parameters
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Fig. 6. Soil–water characteristic curves (main drying and main wetting branches) of
silty clay and calibrations (data after [5]).

Table 2
Parameters for reconstituted silty clay.

Parameters: Mechanical component Parameters: Hydraulic component

Elastoplastic compressibility SWCC (main drying)
k0 = 0.043 ad = 1200 kPa, nd = 0.45, md = 2.5

Elastic compressibility SWCC (main wetting)
j = 0.007 aw = 450 kPa, nw = 0.55, mw = 1.5

Residual degree of saturation
Sres

r ¼ 0
Critical state SWCC (scanning)

M = 1.25 (u0 = 31�) b = 3.0
Influence of Se on compressibility Influence of deformation on Se

a1 = 2.0 a2 = 1.0
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Fig. 7. Drying and wetting test results and model simulations (data after data after
[5]).
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listed in Table 1 correspond to the reference cycle. Fig. 5a and b
shows the calculated drying–wetting curves ðSr— ln sÞ under net
stresses of 200 kPa and 1000 kPa, respectively, with the fitting
parameter (a2) equal to 0.1. Fig. 5c and d shows similar plots but
for a fitting parameter of a2 = 0.5. All simulations indicate that
the increase of net stress leads to the shifting (upwards) of the dry-
ing–wetting curve, which is supported by the experimental data in
literature (e.g. [16,7,27]). Besides, Fig. 5 also indicates that the fit-
ting parameter (a2 controls the shifting patterns of the drying–wet-
ting curves ðSr— ln sÞ due to the net stress change. Comparison
between Fig. 5a and c as well as that between Fig. 5b and d reveals
that the higher value of parameter a2 leads to a more distinct up-
ward shifting of SWCC for the same increase in mean net stress.



A.-N. Zhou et al. / Computers and Geotechnics 43 (2012) 111–123 117
4. Experimental validations

Experimental results from (1) suction-controlled isotropic load-
ing and soaking tests, (2) undrained isotropic compression tests,
(3) suction-controlled triaxial tests, as well as (4) undrained triax-
ial tests are presented to validate the proposed constitutive model.
Both reconstituted soil and compacted soil are considered in the
experimental validations.
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4.1. Experimental behaviour of reconstituted unsaturated soil and
model simulations

Cunningham et al. [5] presented the results of a series of isotro-
pic compression tests on reconstituted silty clay that comprised a
mix of 20% pure Speswhite kaolin, 10% London clay and 70% silica
silt. The slurry soil was isotropically preconsolidated to 130 kPa,
i.e. the initial yield stress is 130 kPa. The main drying and main
wetting branches of the soil–water characteristic curve, as well
as the fitting equations [31], are plotted in Fig. 6. The calibration
parameters for the main drying branch are ad = 1200 kPa,
nd = 0.45, and md = 2.5, while those for the main wetting branch
are aw = 450 kPa, nw = 0.55, and mw = 1.5. The parameter for the
scanning law (b) is assumed to be 3, and the residual degree of sat-
uration is set to zero, i.e. Sres

r ¼ 0. The parameters for the fully sat-
urated counterpart are k0 = 0.043, j = 0.007, and M = 1.25 as
reported in Cunningham et al. [5]. As no test data is available for
a fully dried sample, we assume the compressibility of the dried
soil is equal to the elastic compressibility so that kd = j = 0.007.
In accordance with the approach described in Zhou et al. [37],
the fitting parameter for the compressibility (a1) is set to 2.0 and
the fitting parameter for the SWCCs (a2) is set to 1.0. All the param-
eters for this reconstituted soil listed in Table 2.

The experimental results of the drying–wetting test presented
by Cunningham et al. [5], together with the model simulations,
are shown in Fig. 7. For the initial drying, when the suction is less
than the initial yield stress (130 kPa), the response is purely elastic.
Once the suction level goes beyond the initial yield stress, the soil
behaves elastoplastically. As shown in Fig. 7, the model simulation
(a1 = 2) reproduces the key features of the drying test very well but
is less satisfactory for the wetting test. The classical MCC elasto-
plastic framework might be a reason for this. Adoption of the
bounding surface concept, or other cyclic models that take into ac-
count the stress hysteresis (unloading/reloading hysteresis), may
give a better prediction for wetting tests. Fig. 7 also shows the
model simulations for different values of the parameter a1. This
indicates that the drying test is an alternative way to calibrate
the fitting parameter (a1), provided the main drying branch of
the SWCC is known. To this end, Eq. (7) in Zhou et al. [37] can be
expanded as
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Fig. 8. Drying and compression test results and model simulations (data after [5]).
�dm ¼ ½k0 � ð1� SeÞa1 ðk0 � jÞ� sdSe þ Seds
�pþ Ses

þ a1ð1� SeÞa1�1ðk0 � jÞ lnð�pþ SesÞdSe ð8Þ

In a drying test, the relationship between the effective degree of
saturation and the suction is defined by the main drying branch
(i.e. Eqs. (10) and (11) in [37]). Therefore, Eq. (8) can be reformu-
lated as

�dm
ds
¼ k0 � ð1� SedÞa1 ðk0 � jÞ
� � s @Sed

@s þ Sed

�pþ Seds

þ a1ð1� SedÞa1�1ðk0 � jÞ lnð�pþ SedsÞ @Sed

@s
ð9Þ
Fig. 10. Soil–water characteristic curves (main drying, main wetting branches and
scanning curve) of Pearl clay and model simulations (data after [20]).

Table 3
Parameters for compacted Pearl clay.

Parameters: Mechanical component Parameters: Hydraulic component

Elastoplastic compressibility SWCC (main drying)
k0 = 0.13 ad = 150 kPa, nd = 0.35, md=2.0

Elastic compressibility SWCC (main wetting)
j = 0.03 aw = 38 kPa, nw = 0.35, mw = 2.0

Residual degree of saturation
Sres

r ¼ 0
Critical state SWCC (scanning)

M = 1.12 b = 4.0
Influence of Sr on compressibility Influence of deformation on Sr

a1 = 1.7 a2 = 0.1
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where both Sed and oSed/os are functions of the suction and are de-
fined by Eqs. (10) and (11) in Zhou et al. [37].

Cunningham et al. [5] also conducted a series of suction-con-
trolled isotropic compression tests under varying suctions (s = 0,
400 kPa, 650 kPa and 1000 kPa, respectively). The test data as well
as the model simulations are shown in Fig. 8. The comparisons
indicate that the predicted curves match the experimental data
well. It is important to note that there is only one initial state
(s = 0) used for all predictions. The initial states for other suction
levels (s = 400 kPa, 650 kPa and 1000 kPa, respectively) are calcu-
lated through the drying process from the initial state at zero suc-
tion. This series of experimental validations also indicate that
deformation due to an increase of suction and compression due
to loading under constant suction can be described within a unified
framework.

Finally, Cunningham et al. [5] undertook a series of unconfined
shearing tests in which the samples were dried on the bench to a
variety of predetermined moisture contents, corresponding to
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Fig. 11. Experimental results (data after [20]) of suction-controlled isotropic compressi
well as model simulations: (a) stress path (s vs. �pÞ, (b) e vs. �p, (c) e vs. s, (d) Sr vs. �p, and
suctions in the range of 270–1220 kPa. The initial degree of satura-
tion for each sample can be found through the main drying curve
shown in Fig. 6, with initial suction level indicated in Fig. 9. The
samples were then sheared under constant moisture content (un-
drained) conditions to failure. Throughout shearing, suction probes
were used to monitor the suction changes within the specimens.
Since all tests were undertaken in a simple loading frame without
a confining medium, no volume change measurement was possi-
ble. Fig. 9 compares the test data with the model simulations,
where it can be seen that the proposed model captures the key
stress–strain features of the unsaturated reconstituted soil behav-
iour under undrained loading. The predicted shear strength is a lit-
tle higher than the measured strength, which is probably due to
the expression for the effective stress that is used (see Eq. (2) in
[37]). Sheng et al. [19] compared several shear strength criteria
and concluded that Eq. (2) in Zhou et al. [37] is not the best expres-
sion for predicting the shear strength of unsaturated soils. Better
predictions can be obtained from the definition:
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r0ij ¼ �rij þ ðSeÞa3 sdij ð10Þ

where a3 is a fitting parameter. If the above equation is adopted, the
shear strength equation embedded in the proposed model will be
identical with the shear strength criterion proposed by Toll and
Ong [29]. The comparisons given in Sheng et al. [19] indicate that
this shear strength criterion gives the best predictions of eight
options that are available in the literature. Alonso et al. [2] also indi-
cated Eq. (10) is an alternative way to express the Bishop effective
stress. Adoption of this equation, which is a non-linear function of
Se, will possibly improve the model capacity, especially in predict-
ing shear strength. However, such a non-linear function of Se will
add another fitting parameter (a3) to the model.

4.2. Experimental behaviour of compacted unsaturated soil and model
simulations

Sun et al. [21,20,23–26] conducted a series of experimental
investigations on the mechanical and hydraulic properties of a
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Fig. 12. Experimental results (data after [20]) of suction-controlled isotropic compressi
well as model simulations: (a) stress path (s vs. �pÞ, (b) e vs. �p, (c) e vs. s, (d) Sr vs. �p, (e)
compacted Pearl clay. Pearl clay contains 50% silt and 50% clay.
Its liquid limit is 49% and its plasticity index is 22. The experimen-
tal soil–water characteristic curves (both main drying and main
wetting branches, and scanning curve under zero net stress) as
well as the fitting equations are plotted in Fig. 10. The parameters
for the main drying curve are calibrated as ad = 150 kPa, nd = 0.35,
and md = 2, while the parameters for the main wetting curve are
estimated as ad = 38 kPa, nd = 0.35, and md = 2 based on the wetting
scanning curve. The fitting parameter for the scanning curve (b) is
equal to 4. The residual degree of saturation ðSres

r Þ is set to zero, and
the degree of saturation at zero suction ðS0

r Þ is set to 0.88. The soil
parameters for fully saturated Pearl clay are k0 = 0.13, j = 0.03, and
M = 1.12 as reported in Sun et al. [23], and the compressibility in-
dex of dried Pearl clay is assumed for simplicity to be equal to the
elastic compressibility index, i.e. kd = j = 0.03. Following the ap-
proach demonstrated in Zhou et al. [37], the calibrated parameter
(a1) for the compressibility is 1.7 and the calibrated parameter (a2)
for the SWCCs is 0.1. The parameters used in all the simulations are
listed in Table 3.
stress, : kPap

400 500 600 

(a) 

E 

 net stress 

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

D
eg

re
e 

of
 s

at
ur

at
io

n,
 S

r: 
- 

Test data 

Prediction  

(d) 

A 

B C 

D 
E 

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

D
eg

re
e 

of
 s

at
ur

at
io

n,
 S

r: 
- Test data 

Prediction  

(e) 

A B 

C 

D, E 

100010010
Mean net stress, : kPap

-50 0 50 100 150 200 250 300
Suction, s: kPa 

on test (s = 245 kPa) and wetting test (s = 245 kPa ? 0) on compacted Pearl clay, as
Sr vs. s.



0.45

0.5

0.55

0.6

0.65

0.7

0.75

D
eg

re
e 

of
 s

at
ur

at
io

n,
 S

r: 
- 

Test data 

Prediction  

(c) 
V

oi
d 

ra
tio

, e
: -

 

0.8

0.9

1

1.1

1.2

1.3

1.4

0 50 100 150 200

Test data 

Prediction  

(b) 

Suction, s: kPa 

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

10 100 1000 10000
Mean net stress, : kPap

V
oi

d 
ra

tio
, e

: -
 

Test data 

Prediction  

(a) 

0.45

0.5

0.55

0.6

0.65

0.7

0.75

D
eg

re
e 

of
 s

at
ur

at
io

n,
 S

r: 
- 

Test data 

Prediction  

(d) 

10 100 1000 10000
Mean net stress, : kPap

0 50 100 150 200

Suction, s: kPa 

Fig. 13. Experimental results (data after [25]) of the undrained isotropic compression test on compacted Pearl clay as well as model simulations: (a) e vs. �p, (b) e vs. s, (c) Sr vs.
�p, (d) Sr vs. s.
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Fig. 14. Experimental results (data after [26]) of suction-controlled triaxial
compression test on compacted Pearl clay (s = 100 kPa, Sri = 0.6) as well as model
simulations: (a) �r1=�r3 vs. e1 and e3, (b) ev vs. e1 and (c) Sr vs. e1.
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Fig. 15. Experimental results (data after [26]) of suction-controlled triaxial
compression test on compacted Pearl clay (s = 100 kPa, Sri = 0.77) as well as model
simulations: (a) �r1=�r3 vs. e1 and e3, (b) ev vs. e1 and (c) Sr vs. e1.
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Sun et al. [24] presented two suction-controlled isotropic com-
pression (with soaking) tests. In the first series, the compacted soil
sample with an initial suction of about 130 kPa is dried to the tar-
get suction of 147 kPa under a constant net stress of �20 kPa (path
A ? B in Fig. 11a). After that, the sample is compressed to a mean
net stress of 196 kPa under the constant suction of 147 kPa (path
B ? C in Fig. 11a), and finally soaked to zero suction (path C ? D
in Fig. 11a). In the second series, the compacted soil sample with
an initial suction of about 150 kPa is first dried to the target suction
of 245 kPa under a constant net stress of �20 kPa (path A ? B in
Fig. 12a). Afterwards, the soil sample is loaded to a mean net stress
of 49 kPa under the constant suction of 245 kPa (path B ? C in
Fig. 12a), and then soaked to zero suction under constant net stress
(path C ? D in Fig. 12a). The specimen is subsequently loaded to
598 kPa under zero suction (path D ? E in Fig. 12a). The data from
these two series of tests, as well as the model predictions, are plot-
ted in Fig. 11 (suction = 147 kPa) and Fig. 12 (suction = 245 kPa),
respectively. The volume changes are plotted against mean net
stress in Figs. 11b and 12b, and against suction in Figs. 11c and
12c. These figures show that the predicted volume changes agree
well with the experimental data, particularly in Fig. 11b and c.
The changes of degree of saturation are plotted against mean net
stress in Figs. 11d and 12d, and against suction in Figs. 11e and
12e. Again the predictions for the first series of the tests are
remarkably good. The predictions for the second series of the tests
are less accurate, though still quite reasonable. Overall, the pro-
posed model seems to provide reasonable predictions of both the
mechanical ðe—�p and e—s plots) and hydraulic behaviour ðSr—�p
and Sr—s plots) of the unsaturated compacted Pearl clay.

In addition to the suction-controlled isotropic compressions,
Sun et al. [25] also investigated the hydro-mechanical properties
of compacted Pearl clay under an undrained isotropic stress state.
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Fig. 16. Experimental results (data after [26]) of suction-controlled triaxial
compression test on compacted Pearl clay ðs ¼ 150 kPa;Sri ¼ 0:61Þ as well as model
simulations: (a) �r1=�r3 vs. e1 and e3, (b) ev vs. e1 and (c) Sr vs. e1.
The initial suction is 22 kPa, and the initial mean net stress is
22.5 kPa. The initial degree of saturation is 0.53 and the initial void
ratio is 1.34. The sample with the above initial states was isotrop-
ically compressed (the mean net stress increases to about 600 kPa)
and the soil mechanical and hydraulic responses were monitored.
Fig. 13 compares the predicted volume changes and saturation
changes with the experimental results. The predicted volume and
saturation changes against mean net stress agree very well with
the experimental data (Fig. 13a and c). The predicted volume and
saturation changes against suction are somewhat less accurate,
but still quite close to observations (Fig. 13b and d).

Sun et al. [26] also presented triaxial compression test data
on compacted Pearl clay under constant mean net stress
ð�p ¼ 200 kPaÞ. Two of such tests were performed at a constant suc-
tion of 100 kPa (see Figs. 14 and 15), and the other two at a suction
of 150 kPa (see Figs. 16 and 17). To investigate the influence of the
degree of saturation on the stress–strain responses, Sun et al. [26]
set the initial degrees of saturation ðSriÞ to two different values for
each suction level. All the test results are replotted in Figs. 14–17
and compared with the model predictions. Figures labelled with
(a) in Figs. 14–17 show the stress–strain relationships in the planes
of �r1=�r3 (the ratio between net axial stress and net confining stress)
vs. e1 (axial strain) or e3 (lateral strain). Figures labelled with (b)
show the suction variation during triaxial compression in the plane
of s vs. e1. Figures labelled with (c) show the saturation variation
during triaxial compression in the plane of Sr vs. e1. The initial states
of the soil for each figure are listed in Table 4. The test results show
that both the suction level and the saturation status affect the
stress–strain relationships under triaxial conditions. The compari-
son between Figs. 14 and 15 and that between Figs. 16 and 17
indicate the degree of saturation can affect the stress–strain
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Fig. 17. Experimental results (data after [26]) of suction-controlled triaxial
compression test on compacted Pearl clay (s = 150 kPa, Sri = 0.68) as well as model
simulations: (a) �r1=�r3 vs. e1 and e3, (b) ev vs. e1 and (c) Sr vs. e1.



Table 4
Initial states of different suction-controlled triaxial compression tests for compacted Pearl clay.

Figure No. Suction (kPa) Initial void ratio (–) Mean net stress (kPa) Initial degree of saturation (–)

Fig. 14 100 1.15 200 0.60
Fig. 15 100 1.12 200 0.77
Fig. 16 150 1.08 200 0.61
Fig. 17 150 1.08 200 0.68
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relationships even if suction keeps constant. For example, with the
same suction and initial density, the specimen with higher initial
degree of saturation usually show higher critical state stress ratio.
In addition, the negative dilatancy due to shearing leads to an in-
crease in the degree of saturation and this also affects the stress–
strain relationship. It can be seen that the proposed model predicts
satisfactorily well the mechanical and hydraulic behaviour of the
unsaturated compacted Pearl clay under triaxial conditions.

Finally, in addition to the suction-controlled triaxial tests, Sun
et al. [25] presented results for an undrained triaxial test on unsat-
urated compacted Pearl clay. The initial suction is 65 kPa, the ini-
tial degree of saturation is 0.7, and the initial void ratio is 1.20.
During the test, the confining net pressure ð�r3Þ was kept constant
at 100 kPa and the drainage valve was closed to maintain un-
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Fig. 18. Experimental results (data after [25]) of undrained triaxial compression
test on compacted Pearl clay as well as model simulations: (a) �r1=�r3 vs. e1 and e3,
(b) ev vs. e1, (c) s vs. e1 and (d) Sr vs. e1.
drained conditions. The test data and model predictions are shown
in Fig. 18. The proposed model again gives good predictions of the
stress–strain behaviour as well as the suction changes and hydrau-
lic response.
5. Concluding remarks

Constitutive relationships for general 3D stress states are de-
rived from the new volume change equation proposed in the com-
panion paper [37] and these relationships are formulated in the
plane of the effective degree of saturation and the Bishop effective
stress. The volume change equation is also used to derive the yield
surface under triaxial stress state, following the same framework of
the SFG model [17]. Similarly to the volume change equation, yield
stress and shear strength are defined in terms of the Bishop effec-
tive stress and the effective degree of saturation, thus eliminating
suction from the mechanical constitutive equations. Qualitative
predictions of the model show that it can reproduce a number of
key features of reconstituted London clay and compacted Pearl clay
under isotropic/triaxial and drained/undrained conditions.

The major advantages of the proposed model include: (1) it can
describe the non-linear compressibility of the soil under constant
suction in a continuous and smooth manner; (2) it can explain
many basic mechanical responses of unsaturated soils, such as dry-
ing induced shrinkage, wetting induced collapse and loading in-
duced saturation; (3) it is a fully coupled model that can take
into account the bi-directional hydro-mechanical interaction; (4)
all the parameters used in the model have explicit physical mean-
ings and can be calibrated via conventional laboratory tests. The
main limitations of the proposed model include: (1) the proposed
model is based the Modified Cam-clay model and is hence less
applicable to shear-dilatant soils; (2) the adoption of a linear effec-
tive stress ðr0ij ¼ �rij þ SesdijÞ might lead to over-prediction of the
critical strength at high suction values. A non-linear effective stress
ðr0ij ¼ �rij þ ðSeÞa3 sdijÞ may lead to better predictions of the shear
strength of unsaturated soils.

Compared with the existing constitutive models for unsatu-
rated soils, the most distinguished feature of the proposed model
is that the degree of saturation is used to replace suction as the
complementary constitutive variable. The individual components
of the model, such as the volume change, water retention, yield
surface, shear strength and hydromechanical coupling, are defined
in a mutually consistent manner. In this respect, the approach has
similarities with the SFG model by Sheng et al. [17].
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