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Abstract The mechanical behaviour of unsaturated
expansive soils is an important factor in the design of
barriers for nuclear waste disposal. Double structural con-
stitutive models for expansive soil have been developed
based on the distinction between micro-structure and
macro-structure of the expansive soil. Nevertheless, the
micro-parameters and the coupling function of these
models are hard to determine. To eliminate the limitations
of these models, the concept of a macro-structural neutral
loading line was introduced by adopting a simple
assumption concerning the plastic swelling potential of
unsaturated expansive soil. A macro-structural volume
change equation of unsaturated expansive soil was derived
using a macro-structural neutral loading line. The model
was based on an existing model for non-expansive unsat-
urated soils. Only one new macro-parameter was intro-
duced into the constitutive model compared to the original
model. Finally, a comparison between predicted results and
experimental data indicates that the proposed model has a
remarkable ability to reproduce the mechanical and
hydraulic responses of unsaturated expansive soils.
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Introduction

The mechanical behaviour of expansive soils is a key factor
in the design of barriers for nuclear waste disposal. Alonso
et al. (1990) presented the Barcelona basic model (BBM),
which describes the stress—strain behaviour of unsaturated
soils of low activity. Since then, lots of constitutive models
have been developed (Cui and Delage 1996; Wheeler and
Sivakumar 1995; Chiu and Ng 2003; Georgiadis et al. 2005;
Thuetal. 2007). These models are able to reproduce the basic
mechanical behaviour of unsaturated soils, such as increas-
ing shear strength with suction, and increasing irreversible
collapse strains along wetting paths under low confining
stress state. However, these models usually fall within the
same framework as that of Alonso et al. (1990), and have
limitations in predicting the large swelling strains exhibited
by expansive soils. Due to their mineralogical composition,
unsaturated expansive soils usually exhibit more compli-
cated mechanical behaviour compared to unsaturated soils of
low activity. Therefore, building a constitutive model for
unsaturated expansive soils that will reproduce their
mechanical behaviour is a daunting task. Starting with the
double-structural framework (G-A model) proposed by Gens
and Alonso (1992), the Barcelona expansive model (BExM)
(Alonso et al. 1999) was proposed. This latter model dis-
tinguishes micro-structural from macro-structural deforma-
tion. The  micro-structural level controls the
physicochemical phenomena occurring at active clay min-
erals. The macro-structural deformation is responsible for
major structural rearrangements of the soil skeleton. Cou-
pling these two distinct structural deformations produces the
final deformations of expansive soils. However, the coupling
function of the BExM is difficult to determine. Besides, the
micro-structure parameters are difficult to quantify through
conventional soil mechanics experiments. A model for
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unsaturated expansive soils would be more convenient to use
if the model parameters could be determined through con-
ventional soil mechanics experiments. Therefore, this paper
puts forward a macroscopic constitutive model for partially
saturated expansive soils based on the experimental results
of expansive soils in the literature.

Macro-structural neutral loading line

Gens and Alonso (1992) proposed the concept of a neutral
loading line of unsaturated expansive soils to describe the
micro-structure properties where physicochemical and
other phenomena occurring at particle level take place.
According to the double-structure framework proposed by
Gens and Alonso (1992), the micro-structural volumetric
elastic strain will be zero if a stress path coincides with the
neutral loading line. When a stress path crosses the neutral
loading line via suction reduction, micro-structural swelling
will take place. The increase in the macro-structural strain is
found by multiplying the coupling function of BExM by the
increase in the micro-structural strain. However, the cou-
pling function of BExM is difficult to determine and usually
depends on the empirical formula. Besides that, it is not
easy to determine the micro-structural parameters used to
calculate the micro-structural volumetric elastic strain.
Therefore, it is necessary to solve the problem in other ways
in order to make the constitutive model of unsaturated
expansive soils more convenient to use.

When an unsaturated expansive specimen is dried, the
micro-structural level remains saturated, as proposed by
Gens and Alonso (1992). Elegant tests performed by Gra-
ham et al. (1992) support this assumption. The effective
stress of the micro-structural level increases as the suction
increases. According to the effective stress principle, the
soil particles will join together and form aggregates. It is
clear that the aggregates will be compressed, which will
result in larger pore spaces and an increase in effective
stress. The final result is that the volume of the unsaturated
expansive specimen decreases along the drying path. On
the contary, if an unsaturated expansive specimen is wet-
ted, the effective stress decreases with the decrease in
suction. When the effective stress is smaller than the
repulsive force produced by the positive charge on the
surface of the soil particles, swelling will take place in the
micro-structure of the expansive soil according to the
effective stress principle. The micro-structural swelling in
expansive soil affects the structural arrangement of the
macro-structure, thus increasing the irreversible void ratio
of the expansive soil. The final result is that the unsaturated
expansive soil experiences large volumetric swelling.
Based on the analysis above, it can be seen that the change
in micro-structure induces a rearrangement of macro-
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structure, and that this rearrangement in macro-structure
reflects the change in micro-structure. So it is possible to
develop a constitutive model for expansive soils from a
macro-structural level.

The swelling mechanical behaviour of unsaturated
expansive soil is associated with the swelling pressure of the
expansive soil. Gouy-Chapman double-layer theory (Gouy
1910, 1917; Chapman 1913) is used widely to compute the
swelling pressure of unsaturated expansive soils. But the
double-layer theory is poorly developed in that predictions
cannot be exact because the parallel clay-particle arrange-
ment is too simple to represent the actual soil structures
(Yongetal. 1984). And other factors, such as the effect of ion
size, anion adsorption, and the existence of an attractive
force, that are also not considered in the theory (Gens and
Alonso 1992). Typical swelling pressure paths for unsatu-
rated expansive clay with constant volume are shown in
Fig. 1 (Blight 1965). It can be observed that the shape of two
stress paths are similar to each other. In addition, the angle
between stress paths and the horizontal axis is about 45° in
the low suction state. If the stress path for an unsaturated
expansive soil specimen coincides with a swelling-pressure
stress path, the volume change of the soil sample will be zero
during the test. It can be assumed that, for unsaturated
expansive soils, stress paths exist along which no macro-
structural plastic swelling deformations takes place if a stress
unloading takes place. These stress paths are identified as
macro-structural neutral loading lines. The distinction
between the macro-structural neutral line and the neutral
loading line proposed by Gens and Alonso (1992) is that the
macro-structural neutral line is a macroscopic swelling
potential surface and the neutral loading line responsible for
micro-structure of expansive soils. The relative position
between the macro-structural neutral line (MNL) and neutral
loading line (NL) in the stress space is illustrated in Fig. 2.
The plastic volumetric strain is zero if point A travels to point
B along the macro-structural neutral line as shown in Fig. 2.

300
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Fig. 1 Typical swelling-pressure stress paths for unsaturated expan-
sive clay, extracted from Blight (1965)
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Fig. 2 Macro-structural neutral loading line in the space of mean net
stress and suction

During a swelling-pressure test, external stress was increased
to prevent any volume change when the sample was wetted,
as shown in Fig. 1. The increment of elastic volume change
induced by a suction reduction, and the decrement of elastic
volume change induced by increment of external stress
counterbalanced each other. Hence, the elastic volume
change along the swelling-pressure stress path should be
small. The value of plastic strain along the swelling-pressure
stress path was small as well because the volume was kept
constant during the test. Therefore, the swelling-pressure
stress-paths were similar to the macro-structural neutral
loading lines because great plastic strain would be induced if
it were quite different between swelling-pressure stress-
paths and macro-structural neutral loading lines. If the elastic
volume change along the swelling-pressure stress path is so
small that elastic volume change is negligible, the plastic
volumetric strain would be zero because the volume was kept
constant. In this situation, the swelling-pressure stress paths
could be referred as macro-structural neutral loading paths.

Constitutive equations

Changes in volume behaviour is one of the most significant
properties of soils. It is a common view that plastic volu-
metric strain can be adopted as the hardening parameters in
elastoplastic constitutive model for saturated soils and
unsaturated soils. For saturated soils, the increment of
volume change is usually expressed as follows:

L dp’'
%

dv = p’ (1)

where p’ is the mean effective stress, / is the slope of the
normal consolidation line for saturated soils, and v is the

specific volume. To describe the large swelling volume
change experienced by unsaturated expansive soils, Eq. (1)
can be extended to the unsaturated state in the following
ways: (1) the net stress and suction approach, (2) the
generalized effective stress approach (Sheng 2011), and (3)
the SFG approach (Sheng et al. 2008). The advantage of
the net stress and suction approach is that the compress-
ibility due to changes in net stress and suction can be
treated separately. However, the net stress and suction
approach suffers from limitations. A significant limitation
of the net stress and suction approach is that the volume
change equation becomes undefined at the transition suc-
tion between saturated and unsaturated state. And the
volume change caused by suction changes is independent
of the stress state, which is not compatible with the
experimental observation (Delage and Graham 1995).
Besides, the expansion induced by suction reduction will
be smaller if a larger net stress is applied for unsaturated
expansive soils. So the net stress and suction approach is
not appropriate to model the mechanical behaviour of
unsaturated expansive soils. The limitation of the effective
stress approach is that it is difficult to address differences in
compressibility due to net stress and suction changes.
Sheng et al. (2008) proposed a third way to model the
volume change for unsaturated soils under isotropic stress
states. The SFG approach represents a middle ground
between approach 1 and approach 2 and is expressed as
follows:

de, = @ = /lvp fd_p + jvvs _i (2)

v p+s p+s

where p = p — u, is mean net stress, p is total mean stress,
U, is the pore air stress, s is the suction, and Ay, is the slope
of the normal consolidation line for saturated soils. Ay is a
function of suction. It is similar to approach 1 in that the
SFG approach is defined in terms of net stress and suction
and separates the compressibilities due to suction and stress
changes. Besides, similar to approach 2, it combines the
mean net stress and suction in the denominator. Equa-
tion (2) recovers Eq. (1) at transition suction between sat-
urated and unsaturated states. The SFG approach was
employed here to develop a constitutive model for unsat-
urated expansive soils. Sheng et al. (2008) adopted a
simple but not unique approximation for 4,5 which takes
the form

Inp  §<Ssa

Avs = 3
) j~vp T 52 Ssa ( )
S

where sg, is the saturation suction, which is the transition
suction between saturated and unsaturated states and is the
same as the air-entry value when the soil is dried from full
saturation, but is usually smaller than the air-entry value
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when the soil is wetted from an unsaturated state. However,
Eq. (2) is not appropriate to calculate the volume change
when unsaturated expansive soils experience large swelling
strains. According to the SFG approach, it is assumed that
the incremental form takes the following expression when
unsaturated expansive soils experience large swelling
strains:

! dﬁ +;L/ dS
Pp+f(s) TP+ f(s)

where f(s) is the suction function, and )L(,p is the swelling

de, = A

(4)

index for unsaturated expansive soils. Similar to Ay, Al
takes the following expression:

!
/lvp § < Sga

! p—
)“vs - 1 Ssa
/lvp —

N

(5)

52 S

Although the swelling index /1, takes a simple expres-
sion, it satisfies the experimental results. The function f (s)
needs to be determined first in order to obtain the incre-
mental form for unsaturated expansive soils experiencing
large swelling strains.

A macro-structural neutral loading line is illustrated in
Fig. 2 in the space of mean net stress and suction. If the
stress paths of unsaturated expansive soils coincide with
the macro-structural loading lines, no macro-structural
plastic strain will take place. Although the macro-structural
plastic strain is zero, the elastic strain develops along the
macro-structural neutral loading lines. Therefore the elastic
volume change has to be considered. The expression for the
increment of elastic volumetric swelling strain caused by
stress and suction changes can be expressed as follows:

. dp ds
dej, = KvpﬁJrf(S) + Kys = +f(s) (6)

where x,, is the swelling index, and is assumed to be
independent of suction. Similar to Ays, kys takes the fol-
lowing expression:

Kyp § <Ssa

Kys = . 7
" Kvp S S 2> Ssa ( )
S

It is now possible to derive the increment of plastic
swelling strain along the macro-structural loading line with

dsvne

dp
! MNL !
)VVP — —+ j‘vp — SMNL < Ssa
de. — DPMNL T SMNL DPMNL T SMNL
v bl dpynL a1 Ssa dsmnL

Egs. (4) and (7). The increment of plastic swelling strain
can be written as

dp ds
de? = (A — 1) =~ + (Ay — Kys) ——— 8
v (Vp p)ﬁ—Ff(S) (vs )15+f(S) ( )
Since no macro-structural plastic strain takes place
along the macro-structural neutral loading lines, the value
of Eq. (8) should be zero, giving rise to the following
equation:
dp A — Koy

= et ©)
ds Ly = Kp

Equation (9) is the trajectory of macro-structural neutral
loading line in the space of mean net stress and suction.
Stress points A and B lie on the macro-structural neutral
loading line as shown in Fig. 2. In order to get the function
of the macro-structural neutral loading, Eq. (9) can be
integrated along the macro-structural neutral loading line
from point A to point B, leading to

S <Sga

10
SMNL § 2> Sga ( )

PyMNL — SMNL
PvNL =

PyMNL — Ssa — Ssa In
Ssa

where p,\ . is the intersection of a macro-structural neu-
tral loading line and the mean net stress axis. Stress state
(PmnL, SMNL) 1S any point on the macro-structural neutral
loading line. Equation (10) is the expression for macro-
structural neutral loading line in the space of mean net
stress and suction. Taking a specimen as an example, and
the initial stress state of the specimen at point A as shown
in Fig. 2, plastic swelling takes place via a suction reduc-
tion. As a result, the new macro-structural neutral loading
line moves left along the mean net stress axis as illustrated
in Fig. 2, i.e. the arrow on the mean net stress axis points to
the left. The new intersection of the macro-structural
neutral loading line and the mean net stress axis will be
located on the left side of the point B. Therefore the total
increment of expansion strain can be written as
de, :)vadf’yﬂ (11)
PymMNL

Equation (12) is derived by substituting Eq. (10) into
Eq. (11) and is derived as follows:

Vp = S
P PMNL + Ssa + Ssa In S0

“vp 7 + + 1n Suni
SMNL PMNL T Ssa T Ssa 1170

SMNL = Ssa
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Fig. 3 Behaviour of expansive soils. a Dependence of the swelling
strain on suction variation. b Dependence of the swelling strain on
applied mean net stress variation

It is now possible to derive the expression for function
f(s) with Egs. (4), (5), (11) and (12). Function of f(s) takes
the following form:

SMNL < Ssa

SMNL 13
SMNL = Ssa (13)

SMNL

fls) =

Ssa T SsaIn
sa

When unsaturated expansive soils experience large
swelling, the expression for increment of swelling strain is
derived from Eqgs. (4) and (13). For unsaturated expansive
soils, there is agreement on the swelling tendency of
unsaturated expansive soils under different stress states as
shown in Fig. 3. The suction of point A is higher than that of
point B, and the mean net stress of the two points are equal
with each other as shown in Fig. 3a. The swelling strains of
point A induced by suction reduction are larger than that of
point B. We can judge the swelling tendency easily by using
Eq. (4). If the mean net stress of point B is larger than that
of point A, and the suction of the two points are equal to
each other as shown in Fig. 3b, the swelling strains of point
A induced by suction reduction are larger than that of point
B. Likewise, we can judge the swelling tendency easily by
using Eq. (4). If the G-A model is adopted here to judge the
swelling tendency, we first need to determine the ratio of the
current applied mean net stress over the apparent pre-con-
solidation stress. Therefore, this model is more convenient
than the G-A model in practical computation.

Suction

NN
MNLg Y N
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Fig. 4 Coupling between the macro-structural neutral loading line
and the loading collapse yield curve

For unsaturated expansive soils, micro-structural swel-
ling takes place if suction decreases with a constant value
of the applied mean net stress. In this case, micro-structural
swelling will affect the soil skeleton. Since this model does
not distinguish between the micro-structural strain and
macro-structural strain, the macro-structural neutral load-
ing line plays a role analogous to that of the swelling
potential surface. Taking a specimen as an example, and if
the initial stress state of the specimen is at point A as
shown in Fig. 4, macro-structural swelling strain will take
place via a suction reduction from point A to point B. The
soil skeleton of the specimen is rearranged due to the
plastic swelling strain. The macro-structural swelling strain
increases the void ratio of the specimen. The loading col-
lapse yield surface then moves to the left (dotted line in
Fig. 4) in response to the new soil skeleton arrangement.

Water retention behaviour of unsaturated
expansive soils

The relationship between swelling strain and stress state
variables has been established as discussed above. For
unsaturated expansive soils, reproducing the relationship
between the degree of saturation and stress variables is an
important aspect of the model. Sun et al. (2007) and Masin
(2010) concluded that the degree of saturation depends on
suction, void ratio and stress paths. For unsaturated soils,
the change in the void ratio usually follows a change in the
stress state. Therefore, an increase in the degree of satu-
ration can be caused by a decrease of suction and an
increase in void ratio. Hence, the increment of degree of
saturation can be written as Sheng and Zhou (2011)
0§, oS,

ds, = 5 "ds + " de (14)
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Extensive research focussing on soil water characteristic
curves has been performed, and great success has been
achieved (Mualem 1976; Fredlund and Xing 1994; Van
Genuchten 1980). As a first approximation, the relationship
between degree of saturation and logarithmic suction under
constant value of volume is assumed to be a piecewise
linear. Therefore, the first term on the right of the equal
sign in Eq. (14) takes the following expression:

A ds
where

/s main drying curve or main wetting cure
o= )
Ks scanning curve

(16)

As and i are the slope of the main drying/wetting curve
and the scanning curve, respectively. The scanning curve is
a series of parallel lines that represent recoverable changes
in degree of saturation between the main drying and main
wetting curves. Sun et al. (2007) found a linear relationship
between the variation in degree of saturation and void ratio
under constant suction. Hence, the second term to the right
of the equal sign in Eq. (14) can be written as

oS,
Oe

where the 4, is the slope of the S, — e curve under a con-
stant suction larger than the air-entry value.

de = —2.de (17)

Comparison of model predictions
with experimental data

In this section, a series of experimental results from the
literature are used to verify the performance of the pro-
posed constitutive model for unsaturated expansive soils.
In the proposed model, only one new parameter, /l’vp, is
added to the mechanical part of the proposed model com-
pared to the original SFG model. The numerical examples
in this section deal with swelling-pressure stress path
behaviour, the volumetric behaviour and the suction-satu-
ration behaviour of the proposed model. Shear strength
behaviour, which can be considered by incorporating
existing models such as Modified Cam-Clay Model (Ros-
coe and Burland 1968) into the proposed model, are
beyond the scope of this article.

Swelling pressure of expansive clay

Kassiff and Shalom (1971) conducted a series of experi-
ments to investigate the swelling pressure behaviour of
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Fig. 5 Predicted and experimental results on swelling pressure stress
paths for Israel expansive clay, extracted from the work by Kassiff
and Shalom (1971)

unsaturated expansive soils. The clay used in their exper-
iment was a typical Israel expansive clay. The liquid limit
of the clay ranges from 78% to 85%, and the plastic limit
varies from 58% to 63%, and the specific gravity is 2.75.
The volume of the specimens was kept constant during
their tests. An external pressure was applied to the speci-
men in order to keep the volume of the specimen constant
due to suction reduction. The experimental results are
reproduced in Fig. 5. If the stress paths of tests coincide
with the macro-structural neutral loading line, it is obvious
that the plastic volume change during the tests will be zero
as discussed above. The elastic volume change along the
stress paths is quite small because the increment of elastic
volume change induced by a suction reduction, and the
decrease in the elastic volume change induced by the
external pressure increasing are counterbalanced with each
other. As an approximation, the elastic volume change was
very small during the tests and could be ignored. Therefore,
the macro-structural neutral loading line can be verified by
the experimental results as shown in Fig. 5. Only one
parameter, i.e. the saturation suction, needs to be deter-
mined in order to obtain the numerical results of the macro-
structural neutral loading lines. However, the saturation
suction is not provided in the Kassiff and Shalom’s (1971)
paper, so we first need to determine the saturation suction.
We can then substitute one set of experiment results into
Eq. (10) to back calculate the saturation suction. By sub-
stituting the experiment results of the specimen with an
initial water content of 27% into Eq. (10), the saturation
suction of the clay is computed and is about 50 kPa. The
parameters used are given in Table 1. Predictions regarding
the swelling pressure stress paths are illustrated in Fig. 5.
The angles between stress paths and horizontal axis are
approximately 45° at low suction state. The angles become
larger when the suction increases. The predicted results
resemble the experimental data well as shown in Fig. 5. It
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Table 1 Material parameters of Israel expansive clays

Initial water content (%)  Saturation suction (kPa) PymnL (kPa)

19 50 102
23 50 163
27 50 200

can be seen that the proposed model is capable of repro-
ducing the swelling-pressure stress paths.

Swelling behaviour of expansive soils

Lloret et al. (2003) studied the mechanical behaviour of
compacted bentonite. The testing program was designed to
apply a very large range of suction. Suction up to 550 MPa
could be reached by applying a controlled atmosphere
where the relative humidity was fixed by a solution of
sulphuric acid or salts. Therefore, the tests provide the
opportunity to examine the swelling behaviour of bentonite
over a wide range of suction. The bentonite used in the test
is from the Cortijo de Archidona deposit in Almetia, south-
eastern Spain. The montmorillonite content of the ben-
tonite is higher than 90%. The liquid limit of the bentonite
is102 + 4% and the plastic limit is 53 £ 3%. The satura-
tion suction is about 8§ MPa according to the soil water
characteristic curve presented by Lloret et al. (2003). Based
on the test data in Lloret et al. (2003), the material
parameters of the bentonite are given in Table 2. The initial
vertical stress and suction of the two specimens are 5.1 and
460 MPa, 0.1 and 520 MPa, respectively. The experi-
mental data of the volume change via a suction reduction
and the predicted results are shown in Fig. 6. It can be seen
that the macro-structural swelling rate is slow at high
suction state according to the experiment results. The rate
of increase of swelling strains with suction became larger
when lower values of suction were reached. The difference
between the two sets of experimental data is that the slope
of suction-void ratio curve of the S1 specimen is more
gentle than that of the S5 specimen due to the higher
vertical stress applied to the S1 specimen during the tests.
The comparison between the predicted results and the
experimental data indicates that the proposed model is
capable of reproducing the swelling behaviour of bentonite.

Table 2 Material parameters of

bentonite Property Value
Liquid limit, LL (%) 102 + 4
Plastic limit, PL (%) 53 £ 3
Ssa (MPa) 8
Ap 0.08
i(,p 0.05
Kvp 0.005

Ay — S1 Predicted result

= S1 Experiment data
e S5 Predicted result
B 4 S5 Experiment data

09 AN

10 N

0.8

Void ratio

0.7

0.6

05
102 10" 10° 10" 10° 10°
Suction (MPa)

Fig. 6 Computed and experimental variation of void ratio via the
suction reduction for test S1 and S5, extracted from the work by
Lloret et al. (2003)

Table 3 Material parameters of

sand-bentonite mixture Property Value

Ae 0.5

As 0.15
Ky 0.03
Ssa (MPa) 1.1

Jup 0.14
i:,p 0.03
Kyp 0.02

Sun et al. (2009) conducted a series of laboratory tests
on a heavily compacted sand-bentonite mixture using a
suction-controllable oedometer. Bentonite and sand were
mixed with 3:7 by weight. The suction during the test
varied from 0 kPa to 2500 kPa. The value of the suction
was measured by the filter paper method when the value
of the applied suction was larger than 1300 kPa. The
initial suctions of four specimens were 2500 kPa. Then
the four specimens were wetted to respective targeted
suctions 300 kPa, 600 kPa, 1200 kPa, and 1500 kPa
under 10 kPa vertical net stress. Based on the experi-
mental results of the sand-bentonite mixture, the param-
eters used for prediction were determined, and are given
in Table 3. The test results of the void ratio and the
degree of saturation before and after the wetting progress
are shown in Fig. 7, as well as the predictions. It can be
seen that the macro-structural swelling takes place during
the wetting progress, and the rate of increase of swelling
strains with suction became larger when lower values of
suction were reached. The results predicted by our pro-
posed model are in good agreement with those obtained
in the experiment. It is obvious that the proposed model
shows a good ability to predict the stress—strain rela-
tionship, as well as the hydraulic behaviour of unsaturated
expansive soils.
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Fig. 7 Comparison between predictions and experimental results. 2 08l
a Relationships between suction and void ratio and b relationships g
between suction and degrees of saturation, extracted from the work by '§
Sun et al. (2009) b
. : : : : 8 o7t
Swelling and isotropic compression of expansive eb
soils &
. 0.6 1 .
Zhan (2003) conducted a series of laboratory tests on 10 100 1000

compacted expansive specimens to investigate the
mechanical behaviour of expansive soils. The clay con-
tained 16% illite, 21% montmorillonite, and 4% kaolinite.
The clay used in the experiment belongs to medium
expansive soil. The liquid limit and plasticity index were
50.5 and 31, respectively. The specimens were statically
compacted, and had an initial water content of about
18.5%. The initial suctions of the four specimens were
measured at about 540 kPa. During the tests, the four
specimens were first wetted to the target suctions about:
25 kPa, 50 kPa, 100 kPa and 200 kPa, respectively, under
an isotropic constant net stress of 20 kPa. After the wetting
tests, four specimens were isotropic compressed to a mean
net stress of 200 kPa. Based on the experimental data in
Zhan (2003), the parameters used in the model for pre-
dicting the mechanical behaviour, and the water retention
curve of the unsaturated expansive soils, were determined
and are given in Table 4. Figure 8 shows the experimental
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Suction (kPa)

Fig. 8 Comparison between experimental results and predictions.
a Relationships between suction and void ratio and b relationships
between suction and degrees of saturation, extracted from the work by
Zhan (2003)

results and the predictions of the changes in the void ratio
and degree of saturation during the wetting progress. From
the results as shown in Fig. 8, it can be seen that swelling
takes place, and the swelling rate was slow at a high suc-
tion state. The predicted results agree well with the
experimental data. Figure 9 shows the experimental results
and the predictions of the changes in void ratio and degree
of saturation during the compression progress after wetting.
The comparison between the test data and the predicted
results indicates that the proposed model possesses a
remarkable ability to reproduce the mechanical and
hydraulic behaviour of unsaturated expansive soils.
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Fig. 9 Comparison between experimental results and predictions.
a Relationships between mean net stress and void ratio and
b relationships between mean net stress and degrees of saturation,
extracted from the work by Zhan (2003)

Conclusions

This paper presents a macro-structural constitutive model
for unsaturated expansive soils using independent stress
state variables. The concept of a macro-structural neutral
loading line was introduced based on experimental data.
This concept eliminates the limitations of the double
structural constitutive model for unsaturated expansive
soils. The macro-structural neutral loading line plays a role
analogous to that of the swelling potential surface. The
strain—stress relationship is derived by incorporating the
macro-structural neutral loading line into the SFG model
for non-expansive soils. The advantage of the proposed
model is that no distinction needs to be made between
micro-structural and macro-structural deformations. And
the mechanical part of the proposed model introduces only
one new parameter compared to the original model for non-
expansive soils. Hence, it is convenient to employ the
proposed model to predict the mechanical response of
unsaturated expansive soils. The water retention behaviour
of unsaturated expansive soils in the proposed model takes
the influence of void ratio into consideration. Comparisons
between predictions and experimental results suggest that

the relationship between void ratio and stress is well cap-
tured by the model. This research has shown that the pro-
posed model possesses a great ability to reproduce the
mechanical and hydraulic response of unsaturated expan-
sive soils.
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