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ABSTRACT: Unsaturated soils are complex three phase media whose phases interact with one another under mechanical or hydraulic
forces. While degrees of saturation of the two fluid phases have a decisive role on the mechanical properties of soil, in return, any
changes associated with the mechanical stress-field also affect the degrees of saturation through changes in suction. Such a coupled
behavior becomes the key point in understanding unsaturated soils and developing accurate constitutive models. Although there have
been many such studies in the last three decades, there still needs experimental and theoretical works to be done for understanding
unsaturated soil behavior. In this study, a novel constitutive model accounting for two-way coupled hydro-mechanical behavior of
unsaturated soils including hydraulic hysteresis is proposed. On the mechanical side, elasto-plastic behavior is governed by the
classical plasticity framework yielding the stress-strain relationship, whereas on the hydraulic side, water retention behavior is
governed by the soil-water characteristic curve incorporating the irreversible volumetric deformations due to wetting-drying cycles.
The model parameters introduced into the theoretical framework of the model for characterizing the hydro-mechanical behavior are
measured directly from classical and unsaturated triaxial tests. Subsequently, predicted model results in terms of isotropic
compression are calibrated with a set of suction-controlled drained triaxial tests. The proposed model contributes to enhancing our
knowledge on fully coupled hydro-mechanical behavior of unsaturated soils.

RESUME : Les sols non saturés sont des milieux triphasés complexes dont les phases interagissent les unes avec les autres sous des
forces mécaniques ou hydrauliques. Alors que les degrés de saturation des deux phases fluides ont un rdle décisif sur les propriétés
mécaniques du sol, en retour, tout changement associé au champ de contrainte mécanique affecte également les degrés de saturation par
des changements de succion. Un tel comportement couplé devient le point clé pour comprendre les sols non saturés et développer des
modeéles constitutifs précis. Bien qu'il y ait eu de nombreuses études de ce type au cours des trois derniéres décennies, il reste encore des
travaux expérimentaux et théoriques a faire pour comprendre le comportement des sols non saturés. Dans cette étude, un nouveau modéle
constitutif tenant compte du comportement hydromécanique couplé bidirectionnel des sols non saturés, y compris I'hystérésis
hydraulique, est proposé. Coté mécanique, le comportement élasto-plastique est régi par le cadre de plasticité classique donnant la
relation contrainte-déformation, tandis que du c6té hydraulique, le comportement de rétention d'eau est régi par la courbe caractéristique
sol-eau intégrant les déformations volumétriques irréversibles dues au mouillage. cycles de séchage. Les paramétres du modéle introduits
dans le cadre théorique du modele de caractérisation du comportement hydromécanique sont mesurés directement a partir d'essais
triaxiaux classiques et non saturés. Par la suite, les résultats du modele prédit en termes de compression isotrope sont calibrés avec un
ensemble d'essais triaxiaux drainés a succion controlée. Le modéle proposé contribue a améliorer nos connaissances sur le comportement
hydromécanique entiérement couplé des sols non saturés.

KEYWORDS: Constitutive modeling, hydraulic hysteresis, hydro-mechanical coupling, suction, unsaturated soils.

1 INTRODUCTION hydro-mechanical behavior. Starting from the early works of

Aitchison & Donald 1956, Bishop 1059, Fredlund &
Classical soil mechanics has mostly focused on saturated soils Morgenstern 1976, Lloret & Alonso 1980 for more than half a
even though the natural soils above ground water table are century ago, attention is given to the constitutive modeling of
actually formed in three phases including the air-phase partially UNSAT, which finds a wide range of applications for natural
filling in the voids. Due to a potential rise in the water content of soils above ground water table. The well-known Barcelona Basic
soils in the vadose zone, current geotechnical practice that Model by Alonso et al. 1990, is the pioneering study that brings
models unsaturated soil mechanical properties as though they together previously disparate ideas into a sound elasto-plastic
pertain to fully saturated states leads to unsafe design. Saturation framework. Subsequently, following constitutive models are
of natural soil samples in the laboratory, which would otherwise developed with varying degrees of success based on diverse
be partially saturated with natural in-situ water levels, softens the theoretical assumptions (Kohgo et al. 1993, Buisson & Wheeler

soil resulting in an undesired over-design. That is, unsaturated 2000, Vaunat et al. 2000, Wheeler et al. 2003, Gallipoli et al.
soil layers in the field are not expected to stay fully saturated 2003, Khalili et al. 2005, Russell & Khalili 2006, Mac et al. 2017,
during seasonal fluctuations of ground water level. The Arroyo & Rojas 2019, Kodikara et al. 2020, Cao et al. 2021). The

particulate, multiphase, heterogeneous, and nonlinear nature of two main groups of studies that are distinguished based on their
unsaturated soils (UNSAT) complicates the factors affecting the stress state are the first major departure from these constitutive
hydromechanical behavior of such soils. models. One group assumes that stress can be described using a

The development of "unsaturated soil mechanics" has trailed single Bishop effective stress (Bishop 1959, Kohgo et al. 1993,
behind that of "saturated soil mechanics" and the study of Gallipoli 2000, Jommi 2000, Wheeler et al. 2003, Sun et al.
UNSAT has gained importance only in the last few decades. 2008). The other group contends that the UNSAT stress state
Despite the fact that many research studies on UNSAT have been (Fredlund & Morgenstern 1977, Alonso et al. 1990, Gens et al.

conducted since the early 1990s, more experimental and 2006, Fredlund & Pham 2007, Sheng et al. 2008, Sheng &
theoretical work is required to fully understand the UNSAT
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Zhou 2011, Ng et al 2020) is governed separately by the modified
total stress known as the net stress, p, and matric suction, s. The
first is known as the "effective stress approach" while the second
is known as the "independent stress variables approach". It is
perhaps an agreement in the field that each stress state offers
advantages over the other (d’Onza et al 2011, Sheng 2011,
Arroyo & Rojas 2019).

Aside from the stress state, a significant concern with UNSAT
is the presence of hydraulic hysteresis in their water retention
behavior, which has a significant impact on their mechanical
behavior. Hydraulic hysteresis is an important soil-water
characteristic feature resulting from the water retention behavior
governing the relationship between degree of saturation and
suction in UNSAT. Both geotechnical engineers and soil
physicists (Hillel 1971, Fredlund & Rahardjo 1993, Sheng et al.
2008) study soil-water characteristic behavior. The soil pore
water, according to Barbour 1998, Romero et al. 1999 and
Vaunat et al. 2000 is related to two mechanisms: water that may
readily flow through the pores and water that clings to the soil
particles. These two mechanisms are independent, in that the
former is related to both the static response of the soil and suction
(Vaunat et al. 2000), while the latter manifests itself in
experimental methods where the relative humidity is controlled.
The void ratio and mean net stress are found to affect the water
retention behavior in related experiments. Additionally,
adjusting the mean net stress changes the water content (Sheng
et al. 2008, Sheng 2011, Zhou et al. 2012). Many such models
simply distinguish between elastic and elastoplastic behavior and
assign constant adsorption/desorption rates to these sections
(Wheeler et al. 2003, Sheng et al. 2008, Gallipoli 2012, Wong &
Masin 2014). Even though this is a simple strategy, it does not
enable a seamless transition to saturated state (Ng et al. 2020).
Using the bounding surface theory to create their water retention
models, several researchers suggest less common approaches to
solve this problem (Li 2005, Gallipoli 2015, Zhou et al. 2015).

Wheeler 1996 and Dangla et al. 1997 are among the first to
point out the importance of including a hydraulic component in
the UNSAT constitutive model. The model of Vaunat et al. 2000,
on the other hand, is one of the first hydro-mechanically coupled
models (Gens et al. 2006). This model incorporates BBM's
concept of solid skeleton strains with an additional parameter
named "hydraulic strain" (&), which is equal to the expression
commonly known as "volumetric water content” in terms of
variations in pore water volume, 6. Since then, there have been
many attempts to explain the hydromechanical coupling of
UNSAT (Wheeler et al. 2003, Sheng et al. 2004, Chen 2007, Sun
et al. 2007, Sun & Xiang 2007, Sheng & Zhou 2011, Zhou et al.
2018, Arroyo & Rojas 2019, Kodikara et al 2019). Wheeler et al.
2003 uses two coupling parameters and the effective stress as
well as the modified suction without a water retention function.
Sheng & Zhou 2011 provide a simple yet accurate model based
on independent stress factors, with the necessary equations
derived from the intrinsic relationships. Zhou 2017, who takes a
different approach to unsaturated behavior, uses the degree of
saturation, S;, as a separate variable and proposes a stress-S;
volume change relationship. Liu et al. 2021 investigates the
hydromechanical coupling by incorporating heat effects into
their constitutive model. Their study is mostly based on Wheeler
et al.’s 2003 in its hydraulic and mechanical parts. Kodikara et
al. 2020 offer one of the most recent hydromechanically coupled
models, whose mechanical stress-strain relationship is based on
the BBM and which successfully simulates many laboratory
experiments in a coupled manner.

In this study, a hydromechanically coupled elasto-plastic
model is developed for unsaturated soils. The proposed model
includes hydraulic hysteresis and is able to predict the degree of
saturation changes caused by net stress and suction. A model
parameter is used to define the essential relationship between the
net stress and the degree of saturation, which can be obtained by
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unsaturated triaxial tests. The change in void ratio on the water
retention behavior is given special consideration.

2 HYDRO-MECHANICS OF UNSATURATED SOILS

The particulate and three-phase structure of UNSAT causes them
to exhibit coupled behavior in a way that the water content and
the void ratio can be affected by changes in both suction and net
stress. The mechanical component of the coupled response is
related to total strain, while the hydraulic component governs the
effect of volumetric water content on the water retention
behavior. The essence of unsaturated soils is governed by such a
complex behavior, which should be described by a
phenomenological constitutive model that functions at the
elemental level.

2.1 The mechanical component of coupled behavior

In this study, independent stress variables approach is adopted as
it allows more control over the constitutive relation by separating
the sources of stress on the soil as net stress and suction.
Therefore, the mechanical behavior of UNSAT is governed by
the incremental change in the strain field of solid skeleton in
terms of total strain (i.e. volumetric and deviatoric) and
corresponding stress state in terms of net stress and suction.

In this study, the total strain is split into two parts according
to the sources of those strains. The strain caused by net stress is
represented by a subscript “m” and the strain that is caused by
suction is represented by a subscript “h”. Both parts have elastic
and plastic components as well. Therefore we write:

s=£m+£h=£f;1+££1+£ﬁ+sg 1)

The elastic component of the total strain can be written in
terms of stresses as:

—\—1
de® = def, + def = (D°)7'da + (Df) ds )

where D¢ is the elastic constitutive matrix and Df is the
elastic modulus for the suction-strain relationship. Rearranging
this equation yields the following relations:

dé = D¢(de — deP) + Df ds 3)

Ks
v(s+Pa)

e

C))

The plastic strain increment in Eq. 3 can be separated into its
components as:

dé = D¢(de — deb, — def) + Dfds ®)

where the plastic strain increment caused by suction is defined
as:

de? = (L?,f)_l ds (6)

Substituting Eq. 6 into Eq. 5 and rearranging the equation
yields:

d& = D°(de — deb,) + (—De (DA}f)_l + D;) ds %)

In Eq. 7, the multiplier of the suction increment can simply be
written as:

D;? = Df + D ®)



where,

-1

D} = —p¢ (D) ©9)

The final form of the stress-strain-suction relationship becomes,

do = D°(de — deh) + D;Pds (10)
For the sake of simplicity, volumetric relations of the BBM is

adopted at this point. Since it is also defined in terms of

independent stress variables, it links the change in void ratio

independently to the increments of net mean stress and suction

as:

dp

—K—

dv,, =
m P

dvg = —

(11)
(12)

K das
S (s+Patm)

where the increments of the specific volume, dv, net mean
stress, dp and suction, ds, are the main variables. The elastic
constants, x, ks, along with the reference pressure, pam are used
to define the basic elastic constitutive relations of the proposed
model.

The yield surface of the model is similar to the Modified Cam-
Clay model for the saturated state but now varies with the suction
(Figure 1). The yield stress values for isotropic compression (po)
and extension (ps) depend on the current suction value, which
controls the size of the yield surface, which is written as:

£(@,h) = q* = M*(5 + ps)(po — P) = 0 (13)

where % is the ‘hardening parameter’ and po is the
preconsolidation stress (its projection for saturated state is
marked with an asterisk). In BBM, the hardening parameter py is
obtained with the plastic volumetric strain and suction:

dp _ _ v 4P
Do AGS)-k Y (14)
Po) _ (Po) [A(0)~]/[A(s)~K]
(pf) (pf) (15)
7
e =t == i i l\-\
—— /- |
‘-"‘Jl A —_— ‘.‘«"‘. i
rd R SOEIY Caoe
Pl sl i SO s
_ ) % h . / /7-‘7 S
P g o 7

Figure 1. Model yield surfaces and their dependence on suction

According to the classical plasticity theory, the consistency
condition for the yield surface Eq. 12 is written as:

af o awe" , p . Of apo”
df— do +a 3¢, d€m+6pgas ds +
of ans”
ope 95 d (16)

which includes both suction and net stress terms.
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Considering a non-associated flow rule, we write:

maa

deb =da

a7

with dl» being the plastic multiplier. Even though the above
formulation is derived for a non-associated flow rule, /=g can be
embraced if associated flow rule is preferred. When Eq. 10 and
17 are introduced in Eq. 16, we get:

df—a—g [De (de - dy, )+De” ds| +
of apy” af ap” | of ons _
dp, dh, dlm oG (apo ds dps 0s )dS =0 (18)
where dAn can be obtained as:
T e L0f opo" | of aps”
da ° D% de +(6’ Dh dpg 9s 6p5 ds )ds
m = (19)
T Jedg_ af amo” H_H
FE FE apoagﬁqL FE

Now, substituting Eq. 19 into Eq. 17 and rewriting Eq. 10
yields:

ag/ _af/ _T pe
dg = D€ | ——22—02 —__|de +
Of " edg_0f oh "0g
FEd L ahagp FE
afT ep | af apoT af apsT
—-Dé(3Z Dy )24
topo as topsos Vo
Pods PsS 994+ D/P|ds (20)
ﬁ e99_0f 9po” 9g

oG FEd apoagfn L

2.2 The hydraulic component of coupled behavior

To define the hydraulic component, we employ the chain rule to
extend the following intrinsic equation (Eyiipgiller & Ulker
2019):

0 =Sn Q1)
do = d(S,n) = S, * dn + ndS, (22)
do = s, (2= - deym + 2 ds) +
(ﬁd om + 2L ds ) (23)
Eq. 23 can be rewritten as:
a0 = [n%5 /5. =51 4 o)) deom +
(5.5 +n aSr/as) ds 24)

where n is the porosity, e is void ratio. Eq. 24 can be
written in another way to calculate the increment of Sy

dsy = (1/n ae/as,,m - e/nz an/ae,,m) deym +
(Yn%) 55 =/2 0 55) ds

The relationship between suction and the degree of saturation
is commonly expressed by using a soil-water retention curve
(SWRC). It can be seen that the coefficient of the increment of
suction in the second term of Eq. 25 provides the necessary link
between the degree of saturation and suction, therefore, this
coefficient can be extracted from a relevant SWRC. We can
rewrite Eq. 25 and present the SWRC term as the partial

(25



derivative as:

as = [Yn9/5, +57/o|deym +
as,
( r/aS)SWRC ds

In order to complete the hydraulic component of the
formulation, the present study requires an SWRC model that
includes the effects of changing void ratios on the water retention
behavior, such as Gallipoli et al. 2015. It needs to be mentioned
here that based on our investigation of many available
experimental results, we believe that the evaluation of the partial
derivative, df/deym becomes too complex to do analytically as
multiple causes factor in. Instead, the following empirical
expression is employed in this study:

a6 —_B
/as,,m =="/sr

(26)

@7

where, B is a material parameter, which is related to the
predisposition of the soil under drainage and can be obtained
from isotropic compression tests in which the amount of drained
pore water volume is measured. Applying Eq. 27 into Eq. 26,
yields the final form of the hydraulic component of the proposed
model:

ds
SWRC

ds, = [*/e (1 =By 5 )] deom + (% /55)

3 MODEL PREDICTIONS

Two sets of drained isotropic compression tests were simulated
using the proposed model. Firstly, one test in each set is chosen
as a calibration test, on which the model parameters are obtained.
Then, rest of the tests in the sets are simulated by using the model
parameters that are obtained from the calibration simulations.

The first set of unsaturated drained triaxial (CD) tests to
simulate the isotropic compression behavior is conducted on
Mersin silt. The experimental data are obtained from our earlier
work of Eyiipgiller et al. 2021 along with Ahmadi-Naghadeh
2016 (Figure 2). The former is used as the calibration simulation
(Figure 3), while the latter is used to verify with the previously
acquired model parameters (Figure 4). Both are conducted under
the same constant suction of 100 kPa and loaded with up to 400
kPa of net stress. The SWRC model of van Genuchten 1980 is
found to be sufficient for these tests. The proposed model
captures the general hydromechanical response of the soil well.
The error observed in the results of hydraulic part is about 1%.
Table 1 shows the parameters used in this simulation, where the
parameter values are listed according to the initial void ratio
counterparts of the respective tests.

Table 1. Parameters used in simulations of Mersin Silt
Model parameters van Genuchten parameters

A 0.086, 0.028 vG_my 0.018
K 0.032, 0.008 vG_ng 60

A 0.008 vG_ag 20

k 0.4 vG_m 0.022
€ 1.83,1.73 vG_n,, 45

po (kPa) 90, 120 vG_a, 9

B 0.0652

(28)
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Figure 2. The SWRC of the Mersin silt used in this study and its
comparison to the experimental results Ahmadi-Naghadeh 2016
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Figure 3. Calibration of the model parameters on the drained isotropic
compression test of Eyiipgiller et al. 2021
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The second set of experiments shows the model capacity in
various suction and initial degree of saturation levels, which also
emphasizes its ability to capture the hydraulic hysteresis. Three
bentonite-kaolin mixtures with similar initial void ratios are
subjected to various constant suction values (100-200-300 kPa)
and then isotropically loaded and unloaded. The water retention
behavior in terms of suction-water content relationship is
adopted from Gallipoli 2012. Parameters of the current model
and the SWRC model are given in Table 2.

Table 2. Parameters used in simulations of Sharma 1998
Model parameters Gallipoli 2012 parameters

A 0.18,0.16,0.14 m 0.0333
K 0.0015 n 4.53
As 0.008 g 6.62

k 0.4 Oyet 59.3
€ 1.32,1.27,1.27 Ddry 188
po (kPa) 35,50, 55 My 0.161
s (kPa) 100, 200, 300 Ny 0.621
B 0.191 Yo 10
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Figure 4. Simulation of the drained isotropic compression test of

Ahmadi-Naghadeh

23

Specific volume
=] N
I = I ¥}
= w =] (%l

[ing
o
a

100
Net mean stress (kPa)

1000

0.74
0.72

0.7
0.68
0.66

0.64 © Sharma (1998)

Degree of saturation

0.62 e=This study

0.6

10 100
Net mean stress (kPa)
Figure 5. The isotropic compression test with s=300 kPa is used for the

calibration of the model parameters (Sharma 1998)
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2 CONCLUSIONS

In this study, a novel constitutive model accounting for two-way
coupled hydro-mechanical behavior of unsaturated soils
including hydraulic hysteresis is proposed. The unsaturated soil
behavior is governed by both mechanical and hydraulic
components. The mechanical part is governed by the elasto-
plastic behavior using the modified Barcelona Basic Model
based upon the classical plasticity framework, which yields the
stress-strain relationship, whereas the hydraulic part is governed
by the water retention behavior in terms of the soil-water
retention curve. The proposed model incorporates the
irreversible volumetric deformations due to wetting-drying
cycles. The model also predicts the isotropic compression
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behavior well accounting for the effect of both suction and net
stress on the compression of unsaturated soils.
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Figure 6. The drained isotropic compression tests with (a)-(b) s=200 kPa

and (c)-(d) s=100 kPa and the comparison of the simulation results of

Sharma 1998

1000

3 ACKNOWLEDGEMENTS

This work was supported by the Scientific and Technical
Research Council of Turkey (TUBITAK) under the project
number 117M330. Authors appreciate the support of TUBI
TAK.

4 REFERENCES

Ahmadi Naghadeh R. 2016. Hydro-mechanical behavior of unsaturated
specimens isotropically reconstituted from slurry and compacted
specimens. Published online.
https://open.metu.edu.tr/bitstream/handle/11511/25520/index.pdf

Aitchison G. and Donald I. 1956. Effective stresses in unsaturated soils.



In: Proceedings 2nd Australia-New Zealand Conference on Soil
Mechanics and Foundation Engineering. Wellington, New Zealand,
New Zealand Institution of Engineers 192-199.

Alonso E.E., Gens A., Josa A.A. 1990. Constitutive model for partially
saturated soils. Geotechnique 40(3), 405-430.

Arroyo H. and Rojas E. 2019. Fully coupled hydromechanical model for
compacted soils. Comptes Rendus Mécanique 347(1), 1-18.

Barbour S.L. 1998. Nineteenth Canadian Geotechnical Colloquium: The
soil-water characteristic curve: a historical perspective. Can Geotech
J 35(5), 873-894. doi:10.1139/t98-040

Bishop A.W. 1959. The principle of effective stress. Tek Ukebl. 39:859-
863.

Buisson M.S.R. and Wheeler SJ. 2000. Inclusion of hydraulic hysteresis
in a new elasto-plastic framework for unsaturated soils. In: Tarantino
A, Mancuso C., eds. Experimental Evidence and Theoretical
Approaches in Unsaturated Soils. CRC Press, 117-128.

Cao Z., Chen J., Alonso E.E., et al. 2021. A constitutive model for the
accumulated strain of unsaturated soil under high-cycle traffic
loading. Int J Numer Anal Methods Geomech. nag.3188.
doi:10.1002/nag.3188

Chen R. 2007. Experimental study and constitutive modelling of stress-
dependent coupled hydraulic hysteresis and mechanical behaviour of
an unsaturated soil. Published online doi:10.14711/thesis-b987470

D’Onza F., Gallipoli D., Wheeler S., et al. 2011. Benchmark of
constitutive models for unsaturated soils. Géotechnique 61(4), 283-
302. doi:10.1680/geo0t.2011.61.4.283

Dangla P., Malinsky L., Coussy O.. 1997. Plasticity and imbibition-
drainage curves for unsaturated soils: a unified approach. In:
PIETRUSZCZAK S., PANDE GN, eds. Numerical Models in
Geomechanics: NUMOG VI, 141-146.

Eyiipgiller M.M. and Ulker M.B.C. 2019. Effect of plastic deviatoric
strains on the hardening of unsaturated soils in relation to their
hydromechanical behavior. In: Proc. 8th National Geotechnical
Symposium, Published online.
https://www.imo.org.tr/resimler/ekutuphane/pdf/18548_42_13.pdf

Eyiipgiller M.M., Kenanoglu M.B., Ulker M.B.C., Toker N.K. 2021. A
constitutive model for hydromechanically coupled behavior of
unsaturated soils with hydraulic hysteresis. In: Proceedings of Pan-
American Conference on Unsaturated Soils, Brazil.

Fredlund D.G. and Morgenstern N.R. 1976. Constitutive relations for
volume change in unsaturated soils. Can. Geotech. J. 13(3):261-276.

Fredlund D.G. and Morgenstern N.R. 1977. Stress State Variables for
Unsaturated Soils. ASCE J Geotech Eng Div 103(5), 447-466.
doi:10.1061/ajgeb6.0000423

Fredlund D.G. and Pham H.Q. 2007. Independent Roles of the Stress
State Variables on Volume—Mass Constitutive Relations. In:
Theoretical and Numerical Unsaturated Soil Mechanics. Springer
Berlin Heidelberg 37-44. doi:10.1007/3-540-69876-0_5

Fredlund D.G. and Rahardjo H. 1993. Soil Mechanics for Unsaturated
Soils. 1st Edition. Wiley-Interscience.

Gallipoli D. 2000. Constitutive and numerical modelling of unsaturated
soils. Published online. http://theses.gla.ac.uk/id/eprint/75822

Gallipoli D. 2012. A hysteretic soil-water retention model accounting for
cyclic variations of suction and void ratio. Geotechnique 62(7), 605-
616. doi:10.1680/geot.11.P.007

Gallipoli D., Bruno A.W., D’Onza F., Mancuso C. 2015. A bounding
surface hysteretic water retention model for deformable soils.
Geotechnique 65(10),793-804. doi:10.1680/geot.14.P.118

Gallipoli D., Gens A., Sharma R., Vaunat J. 2003. An elasto-plastic model
for unsaturated soil incorporating the effects of suction and degree

of saturation on mechanical behaviour. Geotechnique 53(1), 123-135.

doi:10.1680/geot.2003.53.1.123

Gens A., Sanchez M., Sheng D. 2006. On constitutive modelling of
unsaturated soils. Acta Geotech 1(3), 137-147.

Hillel D. 1971. The State of Water in the Soil. In: Soil and Water. Vol 63.
Elsevier 49-77. doi:10.1016/B978-0-12-348550-2.50009-1

Jommi C. 2000. Remarks on the constitutive modelling of unsaturated
soils. In: Tarantino A, Mancuso C, eds. Experimental Evidence and
Theoretical Approaches in Unsaturated Soils. CRC Press 147-162.

Khalili N., Habte M.A., Valliappan S. 2005. A bounding surface plasticity
model for cyclic loading of granular soils. /nt J Numer Methods Eng
63(14),1939-1960. doi:10.1002/nme. 1351

Khalili N., Habte M.A., Zargarbashi S. 2008. A fully coupled flow
deformation model for cyclic analysis of unsaturated soils including
hydraulic and mechanical hystereses. Comput Geotech 35(6),872-
889. doi:10.1016/j.compgeo.2008.08.003

Kodikara J., Jayasundara C., Zhou A. 2020. A generalised constitutive

1568

model for unsaturated compacted soils considering wetting/drying
cycles and environmentally-stabilised line. Comput Geotech 118:
103332. doi:10.1016/j.compgeo.2019.103332

Kohgo Y, Nakano M, Miyazaki T. 1993. Theoretical aspects of
constitutive modelling for unsaturated soils. Soils Found.33(4),49-
63. doi:10.3208/sandf1972.33.4_49

Li X.S. 2005. Modelling of hysteresis response for arbitrary
wetting/drying paths. Comput Geotech 32(2), 133-137.

Liu Y., Cai G., Zhou A., Han B., Li J., Zhao C. 2021. A fully coupled
constitutive model for thermo-hydro-mechanical behaviour of
unsaturated soils. Comput Geotech 133(January),104032.

Lloret A. and Alonso E. 1980. Consolidation of unsaturated soils
including swelling and collapse behaviour. Géotechnique 30(4):449-
477. doi:10.1680/geot.1980.30.4.449

Mac, T.N., Shahbodagh, B., Khalili, N. 2017. A Bounding Surface
Viscoplastic Constitutive Model for Unsaturated Soils. In: Tarantino
A, Mancuso C, eds. Poromechanics VI. American Society of Civil
Engineers 1045-1052. doi:10.1061/9780784480779.130

Ng C.W.W. and Pang Y.W. 2000. Influence of Stress State on Soil-Water
Characteristics and Slope Stability. J Geotech Geoenvironmental
Eng 126(2),157-166.

Ng C.W.W.,, Zhou C., Chiu C.F. 2020. Constitutive modelling of state-
dependent behaviour of unsaturated soils: an overview. Acta Geotech
15(10),2705-2725. doi:10.1007/s11440-020-01014-7

Romero E., Gens A., Lloret, A. 1999. Water permeability, water retention
and microstructure of unsaturated compacted Boom clay. Eng Geol
54(1-2), 117-127. doi:10.1016/S0013-7952(99)00067-8

Russell A.R. and Khalili N. 2006. A unified bounding surface plasticity
model for unsaturated soils. Int J Numer Anal Methods Geomech
30(3), 181-212. doi:10.1002/nag.475

Sheng D. 2011. Review of fundamental principles in modelling
unsaturated soil behaviour. Comput Geotech 38(6), 757-776.

Sheng D. and Zhou A.N. 2011. Coupling hydraulic with mechanical
models for unsaturated soils. Can Geotech J 43(5), 826-840.

Sheng D., Fredlund D.G., Gens A. 2008. A new modelling approach for
unsaturated soils using independent stress variables. Can Geotech J
45(4), 511-534. doi:10.1139/T07-112

Sheng D., Sloan S.W., Gens A. 2004. A constitutive model for
unsaturated soils: thermomechanical and computational aspects.
Comput Mech 33(6), 453-465. doi:10.1007/s00466-003-0545-x

Sun D. and Xiang L. 2007. An elastoplastic hydro-mechanical model for
unsaturated soils. In: Lecture Notes in Computer Science (Including
Subseries Lecture Notes in Artificial Intelligence and Lecture Notes
in Bioinformatics). Vol 4489 LNCS. 1138-1145.

Sun D.A., Sheng D., Xiang L., Sloan S.W. 2008. Elastoplastic prediction
of hydro-mechanical behaviour of unsaturated soils under undrained
conditions. Comput Geotech 35(6), 845-852.

Sun D.A., Sheng D.C., Cui H.B., Sloan S.W. 2007. A density-dependent
elastoplastic hydro-mechanical model for unsaturated compacted
soils. Int J Numer Anal Methods Geomech 31(11), 1257-1279.

van Genuchten MT. 1980. A Closed-form Equation for Predicting the
Hydraulic Conductivity of Unsaturated Soils. Soil Sci Soc Am J.
44(5):892-898. doi:10.2136/sssaj1980.03615995004400050002x

Vaunat J., Romero E., Jommi C. 2000. An elastoplastic hydro-mechanical
model for unsaturated soils. In: Tarantino A, Mancuso C, eds.
Experimental Evidence and Theoretical Approaches in Unsaturated
Soils. Vol 20. CRC Press, 129-146. doi:10.1201/9781482283761-13

Wheeler S.J. 1996. Inclusion of specific water volume within an elasto-
plastic model for unsaturated soil. Can Geotech J 33(1),42-57.

Wheeler S.J., Sharma R.S., Buisson M.S.R. 2003. Coupling of hydraulic
hysteresis and stress-strain behaviour in unsaturated soils.
Geotechnique 53(1), 41-54. doi:10.1680/geot.2003.53.1.41

Wong K.S. and Masin D. 2014. Coupled hydro-mechanical model for
partially saturated soils predicting small strain stiffness. Comput
Geotech 61:355-369. doi:10.1016/j.compgeo0.2014.06.008

Zhou A. 2017. Modelling hydro-mechanical behavior for unsaturated
soils. Japanese Geotech Soc Spec Publ 5(2),79-94.

Zhou A., Sheng D., Sloan S.W., Gens A. 2012. Interpretation of
unsaturated soil behaviour in the stress-saturation space. II:
Constitutive relationships and validations. Comput Geotech 43, 111-
123.

Zhou A., Wu S,, Li J., Sheng D. 2018. Including degree of capillary
saturation into constitutive modelling of unsaturated soils. Comput
Geotech 95:82-98. doi:10.1016/j.compgeo.2017.09.017

Zhou C., Ng C.W.W., Chen R. 2015. A bounding surface plasticity model
for unsaturated soil at small strains. Int J Numer Anal Methods
Geomech 39(11), 1141-1164. doi:10.1002/nag.2355



