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Abstract

In this paper, by introducing a new yielding mechanism based on the widely acknowledged double-structure theory, the
original UH model for unsaturated soils is extended to capture the behaviour of expansive clays. A novel expansion
potential is further established to evaluate the effect of overconsolidation on the volume change of unsaturated expansive
clays during wetting. With only one additional parameter, the proposed model can describe the behaviour of both wetting-
collapse and wetting-induced swelling for unsaturated clays. Comparisons between model predictions and test results show
a good agreement which verifies the capability of the proposed model in charactering the features of unsaturated expansive
clays under various stress histories and stress paths.
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List of symbols

D Mean net stress in transformed stress space
. . o = . .
Dj},  Elasto-plastic constitutive tensor P Reference mean effective stress in transformed
E Elastic modulus stress space
f Current yield function Dat Atmospheric pressure
f Reference yield surface p° Reference suction stress
f Current yield surface in the transformed stress space  Ps Suction stress
fa Magnification factor Dy Right intersection of current yield surface and
G Shear modulus p-axis
H Unified hardening parameter Dy Right intersection of reference yield surface and
J Material parameter representing the swelling p-axis
capacity of expansive clays Dx Preconsolidation pressures for saturated clays
K Elastic bulk modulus Dx Right intersection of the reference yield surface and
k A constant describing the increase in cohesion with the p axis for saturated clays
suction DPxo:  Right intersection of reference yield surface and p-
K Scale factor for determinate macrostructural plastic axis.in tbe initial condition
volumetric strain q Deviatoric stress
L Lame’s constant q Deviatoric stress considering the suction
M Characteristic state stress ratio q Reference deviatoric stress
My, Potential failure stress ratio q Deviatoric stress in transformed stress space
My, Potential failure stress ratio in transformed stress ~ dc ~ Deviatoric stress under triaxial compression condi-
space tion in the SMP criterion
p Net mean stress R Overconsolidation parameter
P Mean stress considering the suction R, Overconsolidation parameter in transformed stress
p Reference mean effective stress Space
S0 Maximum suction in history
Xm Scale factor for determinate microstructural volu-
b4 Werflzlfl’ @g‘;l q metric strain
weut uaa.edu.cn p Material parameter controlling the rate of increase
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y Material parameter defining the maximum soil
stiffness

0jj Kronecker’s delta

&4 Total deviatoric strain

&g Elastic deviatoric strain

el Plastic deviatoric strain

gi,pm Plastic strain induced by the microstructural
deformation

&up,  Elastic strain induced by py

&m Microstructural volumetric strain

&y Total volumetric strain

ey Elastic volumetric strain

&p Elastic volumetric strain induced by the change of
the net stress

&by Plastic volumetric strain induced by the expansion
of the current LC yield surface

Evs Volumetric strain induced by the suction change

Al Elastic volumetric strain induced by the suction
change

b Macrostructural plastic volumetric strain induced

by suction change
i Stress ratio
n Stress ratio in transformed stress space
0 Lode’s angel
K

Slope of unloading line for unsaturated clays
Ks Slope of compression line in the e — Ins plane when
the suction is less than or equal to sy
A Plastic multiplier
(0) Slope of the compression curves for saturated clays
A(s)  Slope of the compression curves for unsaturated
clays with the suction s

As Slope of compression line in the e — Ins plane when
the suction exceeds sg
v Poisson’s ratio

04 Initial dry density
O Density of water

g Principal stress

T Principal stress considering the suction

gjj Stress tensor

Gij  Stress tensor considering the suction

aij Transformed stress tensor

o'g.s Stress related to p,

Oy Vertical pressures

Q Coefficient related to overconsolidation

Q Coefficient related to overconsolidation in trans-

formed stress space
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1 Introduction

Expansive clays under unsaturated status usually exhibit
the characteristics of volume increase and strength reduc-
tion during wetting due to the mechanical and physico-
chemical phenomena occurring at particle level which are a
consequence of the particular properties of the active clay
minerals [9, 12]. These features, if not adequately consid-
ered in the associated practical design, may induce
nonuniform foundation settlement and further result in
structural damage to the overlaying infrastructures.
Therefore, it is of great significance to investigate the
behaviour of unsaturated expansive clays and to develop
the relevant modelling tools.

With the advances in testing techniques and apparatus, a
number of experimental studies have been carried out to
study the mechanical behaviour of expansive clays
[6, 8, 10, 22]. Based on these findings from the experi-
mental studies, it has been widely acknowledged that the
special features of unsaturated expansive clays are attrib-
uted to their special structure which involves two distinct
pore systems, i.e. the macrostructure associated with the
large-scale material structure and the microstructure
accounting for the active clay minerals [23]. To capture the
behaviour of expansive clays, a pioneering elasto-plastic
constitutive framework was established by Gens and
Alonso [9] which was an extension of the Basic Barcelona
Model (BBM) [1] for typical unsaturated soils by taking
into account of the effect of the microstructure in addition
to that of the macrostructure. Within this framework,
Alonso et al. [3] further proposed the Barcelona Expansive
Model (BExM) for unsaturated expansive clays, in which
the characteristics of volume increase during wetting were
modelled by considering the interaction of the double
structures, i.e. the swelling of microstructure can lead to
the plastic expansion of the macrostructure. By combining
the theory of double structures with the generalized plas-
ticity theory, a constitutive model has been established by
Sanchez et al. [23] to describe the deformation character-
istics of unsaturated expansive clays. Masin [19] intro-
duced hydraulic coupling into the double structures, in
which the influence of hydraulic action on the unsaturated
expansive clays was taken into account. Wang et al. [29]
verified the capability of BExM in reproducing the main
features of swelling pressure development and
microstructural volume change of unsaturated expansive
soils during wetting, and further analysed the limitations of
the double structure theory. A constitutive model was
established by Wang et al. [31] by introducing the concept
of the critical saturation state, which was demonstrated to
be able to well describe the volumetric behaviour of
compacted bentonite. Kyokawa [12] proposed a hydro-
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mechano-chemical model for unsaturated expansive soils
within the double structure framework, which was shown
to be capable of describing the macroscale soil skeleton
behaviour and the nanoscale interlaminar behaviour of
mineral crystals based on the surface phenomena. Lu et al.
[17] proposed a coupled chemo-hydro-mechanical model
for compacted bentonite based on the BExM by introduc-
ing the osmotic stress, which was shown to be able to
capture the main features of the volumetric change beha-
viour in the coupled chemo-hydro-mechanical processes.
Another approach for modelling the constitutive behaviour
of unsaturated expansive clays is to follow a similar
manner to that adopted for typical unsaturated soils which
only takes into account the volume change at the macro-
scopic level [5, 14, 16, 21, 24-26, 32, 49]. Sun and Sun
[27] proposed a modelling approach for expansive soils by
introducing the equivalent void ratio curve (EVRC) into an
existing hydro-mechanical model for unsaturated soils. The
hydro-mechanical coupling in the expansive soils, i.e. the
effect of saturation on the stress—strain relationship and the
effect of volume change on the water-retention behaviour,
could be well captured. On the basis of thermodynamic
theory, Li et al. [13] presented the formulation of work
input that was suitable for unsaturated expansive clays and
further developed a constitutive model to describe the
swelling characteristics for expansive clays with four
groups of work-conjugate variables. These constitutive
models have been shown to be capable of predicting the
stress—strain relationship of normally consolidated unsatu-
rated expansive clays. However, most of them have not
specifically accounted for the influence of the overconsol-
idation ratio (OCR) on wetting volume change, which may
lead to inaccurate predicted results when they were applied
to model the behaviour of heavily overconsolidated
unsaturated expansive clays. To adequately describe the
behaviour of unsaturated expansive clays with a wide range
of OCRs, it is necessary to establish the constitutive rela-
tion based on an existing powerful and robust framework
for heavily overconsolidated unsaturated clays.

By introducing an innovative hardening parameter
H into the modified Cam-clay model, Yao et al. [36] pro-
posed the unified hardening (UH) model for overconsoli-
dated clays, which can simulate many characteristics of
overconsolidated clays such as shear dilatation and strain
softening. When modelling the normally consolidated
clays, the UH model can reduce to the modified Cam-clay
model. Based on the same constitutive framework, a series
of advanced UH models considering the effects of various
complex conditions such as temperature variation, partially
saturation, and anisotropy have been developed
[37, 38, 40, 43, 44]. In this paper, the framework of the UH
model for overconsolidated unsaturated soils [41] is
selected as the basis.

While inheriting the advantages of the original UH
model for unsaturated soils [41] in describing the features
of overconsolidated unsaturated soils, a novel constitutive
relation for unsaturated expansive clays is proposed by
introducing a new yield surface, which can be used to
measure the plastic swelling strain of expansive clays
during wetting, and an expansion potential, which is
established based on the interaction mechanism of the
double structures theory. The proposed model is demon-
strated to be capable of capturing the effects of both OCR
and initial dry density on the swelling characteristics of
expansive clays. Compared with the UH model for unsat-
urated soils, the new model, referred to as the UH model
for unsaturated expansive clays, requires only one new
additional parameter. Its capability in describing the vol-
ume change of overconsolidated unsaturated expansive
clays during wetting is validated by the comparison against
existing test data in the literature. It is noted that this paper
adopts a compression positive sign convention.

2 Review of UH model for unsaturated clays

Yao et al. [36] proposed the UH model for overconsoli-
dated clays, in which the characteristics of strain hardening
and softening, shear contraction and dilatation were
described by introducing a novel hardening parameter.
Based on the same framework, the UH model for unsatu-
rated soils was further developed [41], where the current
yield surface and the reference yield surface were used to
capture the stress—strain relation of overconsolidated
unsaturated soils as shown in Fig. 1. The current yield
surface can be expressed as

q2
2

44—
M*(p + py)

- ln(px +p§> =0

(1)

where p is the net mean stress of the current stress point,
ps = ks is the suction stress, which has the same definition
as that in BBM [1] and represents the contribution of
suction to soil cohesion, and p, is the mean net stress at the
right intersection of current yield surface and p-axis under
a known suction s, as shown in Fig. 2. The reference yield
surface can be expressed as

f=In(p+p)+In

62

M?(p + py)

f=In{E+p,)+In|l+ —In(p, +p,) =0

(2)

where p and g are the reference mean effective stress and
reference deviatoric stress, respectively, and p, is the mean
net stress at the right intersection of reference yield surface

2
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Fig. 1 The current yield surface and the reference yield surface in p—¢q -s space
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Fig. 2 Yield surfaces in p—s plane and its evolution

and p-axis under an unsaturated condition with a known
suction s, as shown in Fig. 2.

The UH model for unsaturated soils adopts the reference
LC yield surface and the current LC yield surface to con-
sider the influence of suction change on soil volume
change. The current LC yield surface equation which was
reported by Alonso et al. [1] can be written as

@ Springer
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p Px G
() ?)
where
As) = 2(0)[(1 = y)exp(—Bs) +7] (4)

where p; is the preconsolidation pressures for saturated
clays, A(0) and A(s) are the slopes of the compression
curves for saturated clays and unsaturated clays with the
suction s, respectively, k is the slope of unloading line for
unsaturated clays, p° is the reference suction stress and its
definition is consistent with that in BBM, i.e. the change of
suction can only induce the elastic strain when the net
mean stress is equal to p¢, § and y are material parameters.
The reference LC yield surface equation can be written as

20)—k

A
w‘QJ ®)

where p; is the mean net stress at the right intersection of
the reference yield surface and the p axis under fully sat-
urated condition.

Although the original UH model for unsaturated soils is
demonstrated to be capable of capturing the characteristics
of typical unsaturated clays, it cannot adequately model the
swelling behaviour of unsaturated expansive clays during
wetting. Therefore, it is necessary to further extend the
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model based on the investigation of the swelling mecha-
nism of unsaturated expansive clays.

3 Swelling mechanism based on the double-
structure theory

In BExM, Alonso et al. [3] believed that the swelling of
expansive clays during wetting was related to its
microstructure. When the suction of expansive clays
decreases, the swelling of the clay microstructure can
induce irreversible expansive volume change of the
macrostructure. As shown in Fig. 3, before wetting, the
microstructure in expansive soils is arranged densely and
the macrostructural pores are relatively small. During
wetting, as the microstructure swells, structural rearrange-
ment of the soil skeleton occurs resulting in the overall
expansion of the expansive soils [28]. As stated by Sanchez
et al. [23], the expansive soil with a higher OCR is in a
state of a denser packing of the material. Therefore, the
microstructural swelling can significantly affect the global
arrangement of clay aggregates and further leads to larger
macrostructural plastic strains, which agrees with the fea-
tures described by BExM [3] and was supported by the
experiment by Ye et al. [45].

Following a similar approach to that adopted by the
BExM [3], the SD yield surface is introduced to describe
the expansive plastic volumetric change induced by
microstructural expansion when suction decreases. Based
on the experimental results of expansive soils, Lu et al. [18]

micropores

Initial
e

clay particles

—— | Inacropores

microstructure

—

swelling

found that the yielding suctions during both wetting and
drying under different net stresses were similar, indicating
that the SI and SD yield surfaces were almost parallel to the
p-axis in p-s plane. For simplicity, the SD yield surface in
this paper is assumed to be parallel to the p-axis, as shown
in Fig. 2. When the suction of unsaturated expansive clays
changes, the SD yield surface will move with the current
suction. In this work, it is assumed that the SD yield sur-
face is only active when the suction decreases such that the
macrostructural expansive plastic volumetric strain
induced by the microstructural swelling can be character-
ized. Meanwhile, the suction increase (SI) yield surface
defined by the BBM [1] is adopted, which can be written
as:

§ = 8o (6)

where 5o is the maximum suction in history. When the
stress status is within the plane enclosed by the SI and
reference LC yield surfaces, suction increase can only
result in elastic shrinkage. When the suction exceeds sy, the
SI yield surface will expand with increasing suction and
irreversible contractive volumetric change is induced.

In summary, different stress paths in the p—s plane
requires the activation of the SD yield surface or the SI
yield surface, resulting in different mechanisms of the
volume change in the proposed model. When the unsatu-
rated expansive clays experience wetting from an initial
stress point Ag under a constant net mean stress, as shown
by path (a) in Fig. 2, the suction decreases and the current
stress point tends to move downward. Therefore, both the

After swelling

e

&

Fig. 3 Swelling mechanism of unsaturated expansive clays with double-structure during wetting

@ Springer



3660

Acta Geotechnica (2024) 19:3655-3669

SD and current LC yield surfaces are activated, while the
SI yield surface stays still. Under this circumstance, the
volumetric change of unsaturated expansive clays is com-
posed of three parts which can be expressed as:

dey = def; + del + del, (7

where deb is the plastic volumetric strain induced by the
drift of the SD yield surface which is associated with the
swelling of the microstructure, de; is the elastic volumetric
strain induced by the suction decreasing, and def; is the
plastic volumetric strain induced by the expansion of the
current LC yield surface. Under the stress path of drying
with a constant net mean stress (see path (b) in Fig. 2),
although the SD yield surface and the current LC yield
surface are updated with increasing suction, those mobili-
sations are assumed to not induce any plastic volumetric
strain. Meanwhile, following the same mechanism defined
by the original UH model for unsaturated clays, the SI
yield surface is only activated once the suction exceeds the
maximum suction in history sy. Therefore, when s < sp, the
total volumetric strain of unsaturated expansive clays
during drying is only composed of the elastic volumetric
strain induced by the suction increase, dei,. When s > s,
the plastic volumetric strain induced by the activation of
the SI yield surface, deP,, should be introduced and the total

vs?

volumetric strain can be expressed as
dey, = deb + del, (8)

Under the stress path with a constant suction, as shown
by path (c) in Fig. 2, the behaviour of the volumetric
change for the proposed model is the same as that descri-
bed by the original UH model for unsaturated soils.

4 Constitutive equations of UH model
for unsaturated expansive clays

4.1 Expansion potential based on the double-
structure theory

Following a similar approach to that in BExM [3], the
macrostructural plastic volumetric strain, deb_, could be

expressed as a linear function of the microstructural volu-
metric strain, given as

deb . = Knden, 9)

where K, is a scale factor and dg,, is the microstructural
volumetric strain. Gens and Alonso [9] believed that the
microstructure was saturated in which only elastic volu-
metric strain could appear. Meanwhile, Lloret and Villar
[15] and Wang et al. [28] found that the intra-aggregate
pore volumes in expansive soils appeared to be

@ Springer

independent with the compaction effort. For simplicity, it is
assumed in this paper that the microstructural volumetric
change is only related to suction. Therefore, based on the
swelling mechanism described above, during wetting, the
swelling of the microstructure could be considered as a part
of the elastic volumetric strain induced by the change of
suction, expressed as

dem = Xmde, (10)

where X, is a scale factor. Then X, and K, are considered
as a factor f, the expansion potential describing the plastic
volumetric strain during wetting can be expressed as

deb, = fydes, (11)

where

K - ds
def, = -
) [(1 + 60)(S +pat)]

where g is the slope of compression line in the e — Ins
plane when the suction is less than or equal to sy, p,, is the
atmospheric pressure. f; is the magnification factor.
Existing studies [9, 15, 23, 46] revealed that both the dry
density and OCR had a significant impact on the swelling
pressure and the macrostructural volume change of
expansive soils, respectively. Therefore, f; is given as:

(13)

where p, is the initial dry density of the clays, which is the
dry density of clays at the beginning of wetting repre-
senting the associated compaction status of the clays. p,, is
the density of water, and J is a material parameter repre-
senting the swelling capacity of expansive clays, which can
be obtained through the swelling pressure tests under a
certain dry density. When J =0, the macrostructural
plastic volumetric strain de!, =0, and thus the model
reduces to the UH model for unsaturated soils [41]. R; is a
parameter associated with the overconsolidation ratio
(OCR), which is the ratio of the stress at the current stress
point to the stress at the reference stress point. After con-
sidering the influence of suction, it can be expressed as [41]

~2
Il 1+1L;

 =PTPs
pP+ps 2(0)—1c (EWptebs
* Pxo€Xp <A(<§"( " )> + Py

where p,, is the initial reference preconsolidation pressure
under unsaturated condition (the initial value of p,) and 7
is stress ratio defined as ¢/(p + p,). It should be noted that
a lower value of R can lead to the more significant rear-
rangement of the clay minerals induced by the swelling of
the microstructure during wetting, and thus induce a higher
volume change of the macrostructure.

(12)

fo= (1= R)’

(14)
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During drying, as the suction increases, although the SD
yield surface updates, its mobilisation is assumed to not
induce any plastic volumetric strain. Therefore, f; can be
expressed during drying as

fa=0 (15)

When the suction exceeds the maximum suction in
history so, the SI yield is activated and the relevant plastic

volumetric strain induced by suction change, deP, can be
expressed as
As —Ks ds
def, =" (16)
‘ VS Py

where /g is the slope of compression line in the e — Ins
plane when the suction exceeds s

4.2 Unified hardening parameter H

The hardening law can be expressed as

d *
px _ 1+ e 4
pi A0)—x

(17)

where H is unified hardening parameter which is related to
the plastic volumetric strain induced by the change of the
net mean stress, deP | expressed as

vp?
i,

where M is characteristic state stress ratio and My is the
potential failure stress ratio [39] given as

X b %
My, = L (S DI 1
Ys 6[ Rs ( +Rs) Rs ( 9)
where
MZ
v TERT) 20)
. q
5 (21)
pP=p+ps (22)
4=q (23)

4.3 Strain increments

In this model, the elastic volumetric strain can be expressed
as:

def = daip + del, (24)

It consists of two parts, the first part is the elastic vol-
umetric strain induced by the change of the net stress, dsip,

which can be expressed as:

aisy =2 (25)
where

E
E:3(1 —2v)(1+eo)p (27)

K

The second part is the elastic volumetric strain induced
by the suction change, def, given by Eq. (12).
The elastic deviatoric strain induced by the shear stress
can be expressed as
dg
3G
where G is the shear modulus.
The plastic strain consists of two components. One part
is the plastic strains induced by the net stress change,
which are defined following the same manner as that in the
UH model for unsaturated soils, given as

)

de§ = (28)

del, = A % (29)
of

where A is the plastic multiplier which can be derived from
the consistency condition as:

~F g O 4o
ﬂ—/\dp + a\dq +f.ds

— op
op
where
AN (&) | (32)
pX+pS/L(S)—K p(.
1 px 0A(s)
fs px+ps( T oa(s) s ) )
i
* px i -
nor (7) (34)
e
_ " 35
S (35)
Q= Shul/ .
MYs - n
30) &
37
’ 1 + €o ( )
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while the plastic volumetric strains induced by suction
change are defined by Egs. (11) and (16). When yielding
occurs on both LC and SD, the total plastic strain can be
obtained by the plastic strains induced by the activation of
each yield surface.

The associated flow rule is adopted by the proposed
model.

4.4 Elastoplastic stress—strain relation
under triaxial stress state

Combining the above constitutive equations, the total
volumetric and deviatoric strains in p — g space can be

expressed as
dp+Bids | _ KA, 3KGA, de, — dey
da\ + Bzds - 3KGA2 3GA3 de

(38)
where
A = T(M4Ys - 77\4)1’?‘40 +12TGepip” (39)
Ay = —2T¢, (M2 _ ﬁz)ﬁ (40)

4 4\~ 2 ~2\?
A3:TAO(MYS—77)[7+KCP(M _71) (41)
By = —T[4g (M}, - 7*) pk + 12Ge, K]
+ TKe, (M2 - ﬁz) R (42)
B, — 6TGcPﬁ[(M2 + ﬁz) Pf.+ k(M2 - ﬁz)} (43)
1
T= 2
Ao(Mi, = i) B+ 12Geyii” + Key (M ~ 77)
(44)

The proposed model can be further generalise to the
three-dimensional (3D) stress apace through the trans-
formed stress (TS) method [33-35, 42], in which the
irregular yield or failure surface based on the Matsuoka-
Nakai criterion [20] can be converted to be circular in the
deviatoric plane as shown in Fig. 4. The derivation process
of the 3D stress—strain formulations is detailed in the
Appendix. As shown by Egs. (11) and (12), when the
suction remains constant, the expansion potential becomes
zero and the proposed model can reduce to the original UH
model for unsaturated soils [41]. It is noted that the
capacity of the proposed model in simulating true triaxial
path with a constant suction have been fully verified in the
previous studies [41] and, therefore, is not detailed in this

paper.

@ Springer
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Yield surface in
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stress space
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Fig. 4 Stress transformation from general stress space to transformed
stress space

5 Fundamental features of the proposed
model

There are eleven parameters required in the proposed UH
model for unsaturated expansive clays: x, M, v, 1(0), 4s, K,
pS, v, B, k and J. The first ten parameters are the same as
those defined in the BBM which can be determined based
on results of the triaxial compression tests on unsaturated
clays under different suctions and the drying-wetting cycle
tests at a given net mean stress. The additional parameter
J which demonstrates the expansion potential can be cali-
brated based on the results of wetting tests under different
net mean stresses.

In this section, the capability of the proposed model in
describing the swelling of unsaturated expansive clays

p /kPa

& A4,

300 — 0
(@

600 s /kPa

Fig. 5 Stress paths of wetting after isotropic compression and
reloading
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during wetting is demonstrated in the following simula-
tions with the stress paths shown in Fig. 5 and the model
parameters listed in Table 1.

In this simulation, the volumetric change of unsaturated
expansive clays is mainly related to three parameters:
parameter, J, initial dry density, py, and the overconsoli-
dation parameter, R;, with the latter two showing the
influence of degree of clay compaction on swelling beha-
viour. In this section, for simplicity, a constant ratio of
04/ pPw = 1.5 is adopted and the effects of variation in both
J and R, have been investigated. In addition, as the over-
consolidation parameter R, varies with suction (see
Eq. 14), OCR is adopted instead in the parametric study to
demonstrate the effect of compaction status on the volu-
metric change during wetting. In this paper, the OCR is
defined as the ratio of the pre-consolidation pressure to the
current net mean stress.

5.1 Volume changes due to wetting

The influence of the values of J on the volumetric change is
demonstrated in the simulation of the loading—unloading-
wetting path. In this simulation, under the constant suction
of s = 600 kPa, the clay samples were isotropically com-
pressed from the initial net mean stress of p = 300 kPa to
p = 1000 kPa and then unloaded to p = 300 kPa to achieve
an OCR of 3.33. Then they were wetted to the saturation
status under the constant pressure (i.e. p = 300 kPa), as
shown by path (a) in Fig. 5.

Figure 6 demonstrates the predicted volumetric strain of
the clay samples during wetting with different values of
J =0, 2, and 5. It can be seen that with the decrease of
suction, expansive volume change of the clays occurs.
When J = 0, the proposed model reduces to the UH model
for unsaturated soils and there is no plastic expansion
volumetric strain induced by the swelling of the
microstructure, &b, Only the elastic volumetric strain
induced by the suction decreasing, def, occurs, which
leads to the slight volume expansion in Fig. 6. When J = 2
and 5, volume change due to the swelling of the
microstructure (i.e. &) occurs, which contributes to the
expansive volume change of the clays. Moreover,
increasing the values of J can lead to a significant increase
of the expansive volume change. When the clay is reaching

Table 1 Parameter values of simulation

Parameter A(0) « As v M k
Value 02 002 0.08 0.3 1.0 0.01
Parameter r Ks pi(kPa)  p(kPa)~' Pu(kPa) e
Value 045 0.012 100 0.01 100 0.8

—
(=]

=
(o] >

o
=

Volumetric strain, &,/%

o)
=)

Wetting

A

|

200 400 600
Suction, s/kPa

o
(=)
(=)

Fig. 6 Volumetric strain during wetting with different values of J

the saturated condition, a wetting-collapse feature can be
observed. This is because when the suction is close to
0 kPa the current stress state of the clays is close to the
yield surface and the size of the plastic volumetric strain
induced by the reduction of suction, egp, exceeds the plastic
expansion volumetric strain induced by the swelling of the
microstructure, &P.. As a result, the total volume change of
the clays is dominated by the former compressive volume
change.

The influence of different OCRs on the volumetric
change is demonstrated following a similar manner. In the
simulation, the initial horizontal and vertical stresses were
set as 300 kPa, while initial suction was set as 600 kPa.
The unsaturated clay samples were compressed isotropi-
cally to p = 500 kPa, 1000 kPa, and 1500 kPa, and then
unloaded to p = 300 kPa to achieve the OCRs of 1.67, 3.33
and 5, respectively. Subsequently, the samples were wetted

2.0

OCR=1.67
—— OCR=3.33
OCR=5.00

Volumetric strain, &,/%
(o)
o

~ .
T Wetting

\
A

20 i ] |
0 200 400 600
Suction, s/kPa

Fig. 7 Volumetric strain during wetting with different values of OCR
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to the saturation status under the constant pressure (i.e.
p = 300 kPa) with J = 2, as shown by path (a) in Fig. 5.

Figure 7 shows the predicted volumetric strain of the
clay samples during wetting with different OCRs. It can be
seen that at the beginning of wetting, all samples exhibited
expansive volume change with decreasing suction, and a
higher OCR can result in a larger volume increase. When
the saturated condition is reaching, wetting-collapse can be
observed which is also because that the size of the com-
pressive plastic volumetric strain induced by the suction
decrease, agp, exceeds the expansive plastic volumetric
strain induced by the swelling of the microstructure, &b . It
is noted that the simulation results are consistent with the
observed features of volumetric change in the experimental
tests of overconsolidated expansive soils by Wang et al.
(30]

5.2 Swelling pressure

The swelling pressure is a basic variable for describing the
swelling characteristics of unsaturated expansive clays,
which can be measured through the following two testing
methods [11]. The first approach is to make the clays wet
and deform freely and then increase the pressure on the
clays after wetting to reduce the volume of the clays until
the initial volume before wetting is reached. The applied
pressure is considered as the swelling pressure. In the
second method, the volume of the clays remains unchanged
by continuously adjusting the confining pressure during
wetting, and the pressure increase is referred to as the
swelling pressure. In this simulation, the second method is
used to monitor the change of swelling pressure during
wetting. Therefore, the following stress path of loading—
unloading-wetting is adopted: The unsaturated clay sam-
ples are firstly compressed isotropically and unloaded
under the constant suction, and are then wetted to satura-
tion with increasing net mean stress which ensure a con-
stant clay volume during wetting, as shown by the path
(b) in Fig. 5. The swelling pressure is measured as the
increase in the applied net mean stress during wetting.
Figures 8§ and 9 demonstrate the influences of J and
OCR on the swelling pressure change, respectively, in the
simulation which adopts the same initial stress condition
and loading—unloading process as that described in the
previous section. A similar feature can be observed com-
pared to that of the volumetric change during wetting.
When J =0, a slight increase of the swelling pressure
occurs as only the elastic volumetric strain induced by the
suction decreasing, def  exists. When J =2 and 5, the
swelling of the microstructure results in an increase in the
swelling pressure, and increasing values of J can lead to an
increase of the maximum swelling pressure. When the
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Fig. 9 Variation of swelling pressure during wetting under a constant
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saturated condition is reached, the clays tend to collapse
and thus the swelling pressure decreases to maintain a
constant sample volume. As shown in Fig. 9, with
increasing OCR, the maximum swelling pressure of the
clay samples also increases.

6 Test results and model predictions

In order to verify the capability of the proposed model,
simulations of a series of existing relevant tests on unsat-
urated expansive clays from Zhan et al. [48], Alonso et al.
[2] and Zhan [47] have been carried out in this paper. As
shown by Egs. (11) and (12), when the suction remains
constant, the expansion potential becomes zero and the
proposed model can reduce to the original UH model for
unsaturated soils [41]. As stated by Gens and Alonso [9]
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and Escario and Saez [7], the mechanical behaviour of
expansive soils with constant suctions is similar to that of
general unsaturated soils. Therefore it is believed that the
capacity of the proposed model in simulating various stress
paths with a constant suction have been fully verified in the
previous study [41] and hence is not detailed in this paper.

6.1 Wetting tests on Zaoyang expansive clays

Zhan et al. [48] conducted indoor tests on the expansive
clays from a slope in Zaoyang, Hubei province of China.
The dry density of the clay samples was 1.52-1.60 x10°
kg/m>. The contents of sand, silts, and clays in the samples
were reported as 3%, 58%, and 39%, respectively. The
liquid limit of the clays was 50.5% and the plasticity index
was 31%. The tests were carried out by employing the
computer-controlled triaxial stress-path testing systems for
unsaturated soils. Three sets of tests were considered in the
simulation. In each test, the clay samples were prepared by
static compaction with a maximum vertical compaction
pressure of 800 kPa. After the suction balance, the suctions
of the clay samples were controlled to be 200 kPa. Then
with the suction unchanged, the samples were subjected to
isotropic consolidation under the isotropic pressure of
40 kPa, 70 kPa and 100 kPa, respectively, resulting in a
void ratio of 0.728, 0.726, and 0.723. After the consoli-
dation was completed, the wetting test was performed in
which the isotropic pressure was kept unchanged, while the
suction was reduced from 200 to O kPa.

The model parameters adopted in the simulation which
are determined based on existing studies [4, 13, 48] are
listed in Table 2. In addition, the dry density of the clays
before wetting was taken as 1.56 x10° kg/m>, while the
density of water was chosen as 1.00 x10° kg/m’.

The comparison between the experimental results and
the predicted results of the wetting process under different
isotropic pressure are shown in Fig. 10. It can be seen that
volume expansion occurs in the three groups of clay
samples during wetting. A higher isotropic pressure can
result in a lower volume expansion. The predicted curve is
in good agreement with the experimental data, which
demonstrates that the proposed model is capable of

Table 2 Model parameters for expansive clays from Zhan et al. [48]
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Fig. 10 Comparison in the variation of void ratio during wetting
between test results by Zhan et al. [48] and model predictions

reproducing the process of volume expansion during wet-
ting and the effect of isotropic pressure on the swelling
behaviour.

6.2 Wetting tests on expansive Boom clays

Alonso et al. [2] conducted laboratory tests on expansive
Boom clays which had a liquid limit of 55.9% and a
plasticity index of 29.2%. The contents of kaolin, illite and
montmorillonite in the clays were 20%, 30%, and 10%,
respectively. Three sets of wetting tests under different
vertical pressure were considered here. In all tests, the
samples were first compacted under a vertical stress of
approximately 2600 kPa, yielding a dry density of 1.40
x10° kg/m®. The suctions of clay samples were controlled
as 500 kPa, 500 kPa, and 700 kPa, respectively. Then the
clay samples were consolidated under the vertical pressures
of o, = 20 kPa, 100 kPa, and 400 kPa, respectively, under
the corresponding constant suction. After that, the wetting
tests were performed with the suctions of the clay samples
reducing to 0 kPa under a constant vertical pressure.

The parameters adopted in this simulation are listed in
Table 3 and a ratio of py/p,, = 1.40 was adopted.

Figure 11 demonstrates the comparison between the
experimental and predicted results. It can be seen that
under different vertical pressures, the clay samples exhibit

Table 3 Model parameters for expansive clays from Alonso et al. [2]

Parameter A(0) K As v M k Parameter A(0) « As v M k
Value 0.1 0.01 0.1 0.3 1.0 0.01 value 0.158 0.01 0.1 0.3 1.0 0.008
Parameter r Ks p‘(kPa)  p(kPa)~' Pa(kPa) J parameter r Ks pé(kPa)  p(kpa)~' Pu(kPa) J
Value 0.095 0.018 100 0.025 100 2 value 0.08  0.008 10 0.005 100 1.2
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Fig.11 Comparison in the variation of void ratio during wetting
between test results by Alonso et al. [2] and model predictions

different features of volume change during wetting. Under
a low vertical pressure, the clay sample swells as its vol-
ume change is dominated by the plastic expansion volu-
metric strain induced by the swelling of the microstructure,
eb.. When the vertical pressure increases, the LC yield
surface is more likely to be activated during wetting, which
will result in the collapsing of the sample. When the ver-
tical pressure is sufficiently large, a compressive volume
change of the sample can be observed. The predicted
results by the proposed model can characterise such
behaviour of expansive clays and are in a satisfactory
agreement with the test results.

6.3 Wetting tests on silty expansive clays

A series of wetting tests on silty expansive clays were
conducted by Zhan [47]. The tests were carried out by
employing a suction-controlled double-cell triaxial appa-
ratus for unsaturated clays and four sets of wetting tests
were selected for model verification. The initial suctions of
four groups of clay samples, RUT7, RUTS8, RUT9, and
RUTI10, were controlled as 540 kPa and the isotropic
pressures were kept unchanged at 20 kPa. Then clay
samples were wetted to the suctions of 25 kPa, 50 kPa,
100 kPa, and 200 kPa, respectively. The model parameters

Table 4 Model parameters for expansive clays from Zhan [47]

Parameter  A(0) K As v M k
Value 0.11 0.02 0.1 0.3 0.97 0.01
Parameter r Ks p‘(kPa)  p(kPa)~' Pa(kPa) J

Value 0.3489 0.01 100 0.0294 100 2

@ Springer

in the simulation were determined based on existing studies
[27, 47] which are listed in Table 4.

Figure 12 demonstrates the comparison in the variation
of void ratio during wetting between the measured and
predicted results, showing a good agreement.

7 Conclusions

To adequately describe the behaviour of unsaturated
expansive clays, a novel expansion potential is firstly
established in this paper which takes into account the effect
of overconsolidation on the volume change of the
microstructure during wetting. By introducing such
parameter as well as an additional yielding mechanism for
wetting, the UH model for unsaturated expansive clays is
proposed. The characteristics of this model are summarised
as follows:

(1) Based on the double-structure theory, a SD yield
surface is introduced into the framework of the original UH
model for unsaturated soils for modelling the volume
change mechanism of unsaturated expansive clays during
wetting.

(2) The effects of overconsolidation and stress path on
the volumetric change of unsaturated expansive clays are
taken into account by both the unified hardening parameter
H and the proposed expansion potential in this paper.
Moreover, the model is generalised to the 3D stress state by
adopting the transformed stress method, without adding
any new parameter.

(3) Only one additional parameter is introduced com-
pared to the original UH model for unsaturated soils which
can be determined based on the results of wetting tests
under different net mean stresses. The predicted results by
the proposed model show an excellent agreement against

0.85
No. Model Test
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0.80 | RUT8 — g
v RUT9 — <
) RUT10 A
B0k
o
.§
0.70 |-
Suction decreased
0.65 L L
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Fig. 12 Comparison in the variation of void ratio during wetting
between test results by Zhan [47] and model predictions
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the experimental results from a series of existing studies,
which verifies the capability of the proposed model in
modelling the features of unsaturated expansive clays.

(4) It is noted that the couplings between the water
retention curve (WRC) and the mechanical behaviour of
unsaturated expansive clays, in particular the hysteresis
behaviour of WRC during the cyclic wetting—drying pro-
cess, are not taken into account in this study, and will be
further investigated in the further work.

Appendix: Derivation of three-dimensional
elastoplastic stress—strain relationship

As shown in Fig. 4, o; = g; + p, is the principal stress

considering the suction and 6 is the corresponding Lode’s
angel. The transformation from the general stress space to
the transformed stress space can be expressed as

6;=045,q9=0

e sy - 45
z/=P5u+§C(UU—P5y‘),CI%0 (45)
where
. 01+ 02+ 03
poDitBitds (40
~ 1 ~\2
7=1\5[@ -5+ @ -5+ @G- @)
. 21,
qc = —= (48)
3, [l
1112915
h—a (49)
~ 1
12 - E [(811)2 O-rso-sr:| (50)
Fy = 6,648 — 5B+~ (Fm)’ (51)
3—3 ijOjkOki ) rs O sr O mm 6 nn

Integrating Eq. (45), the UH model for unsaturated
expansive clays in 3D stress space can be expressed using
tensor as

doy +doj; = Di, (dsk, — degy, — dsllzlpm) (52)

where a is the stress related to p,, c,dp is the elastic strain
induced by Dss sklp is the plastic strain induced by the

microstructural swelling and D}}, is the elasto-plastic

ijk
constitutive tensor which can be expressed as:
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Dykl = Lo + G(5zk5]z + O ) #
@f of of of 53
— ( aO-mm 6” * 2Gao-lj)( aann 5kl * ZGa kl) ( )
X
where
L of of  of op,p; 1
X = 2 X 4
Lavioza 120,55, p.0p:0H O (54)
2
L=K-3G (55)

f is the current yield surface in the transformed stress space
which can be expressed as

~2
f=Inp+ ln(l + > In(p, +p,) =0 (56)
M*p
where
p=p (57)
q=49. (58)
and
~4 ~4
1 M, —
~=2x T (59)
Q M7
X b Xz
" [ Rs( Rs> RS] (©0)
where
- q
5 (61)
R, =L (62)
p
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