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Abstract

Geotechnical structures made of granular material tend to be unsaturated during their service life. However, there is presently a lack
of sufficient research and studies on their volumetric behavior under unsaturated conditions. In this study, loading and wetting induced
volumetric behavior of granular materials in the unsaturated state was studied within a moisture content-based framework. Recycled
crushed brick (CB) and excavation waste rock (WR) were the granular materials used in this research to promote sustainable construc-
tion. Several loading, unloading, and wetting state paths were investigated with respect to virgin compaction surfaces (VCS) developed
using groups of compaction curves. The obtained experimental data was utilized to develop a constitutive model capable of predicting
wetting-induced volume changes of granular materials in a net stress range of 100–4000 kPa and gravimetric moisture content range of
3.6% for WR, and 7.5% for CB to saturation. The model was verified by undertaking several independent state paths on independent
materials and comparing the experimental responses with those predicted using the model. The proposed model is featured with simplic-
ity in acquiring the model input parameters with the aim of filling the existing gap between the theoretical and real-life application of
unsaturated soil mechanics. An application of the model can be the basis for the prediction of the settlement of a granular geotechnical
structure that is being externally loaded and is subject to changes in moisture content due to climatic effects.
� 2021 Production and hosting by Elsevier B.V. on behalf of The Japanese Geotechnical Society. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Unsaturated geomaterials are known to exhibit compli-
cated behaviors, and the misinterpretation of their volu-
metric responses may cause damage to the infrastructures
they support. In unsaturated geomechanics, it is well
accepted that matric suction influences the behavior of soils
similar to how the stress functions (Islam and Kodikara,
https://doi.org/10.1016/j.sandf.2021.01.012
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2015). Granular materials used in the construction of
geotechnical structures, such as unbound pavement layers,
structural fills or embankments are typically in an unsatu-
rated state. However, fewer studies have been conducted to
develop unsaturated constitutive models for unbound
granular materials. This is partly due to relatively low mag-
nitudes of suction in granular soils that do not justify the
cost and complexities associated with specialized unsatu-
rated testing procedures. The impact of suction is typically
considered just for fine-grained soils, which exhibit signifi-
cant suction values. In spite of that, Cary and Zapata
(2011), Ba et al. (2013), Azam et al. (2013), and
Yaghoubi et al. (2016) among others, demonstrated the
importance of incorporating the unsaturated geomechanics
Japanese Geotechnical Society.
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Nomenclature

e void ratio
ed void ratio at the dry end
ed0 void ratio at the dry end under plow
epini initial void ratios corresponding to ewini under

constant p
es void ratio at saturation
es0 void ratio at saturation under plow
ew moisture ratio (Gs

x MC)
ewa average of ewm and ews
ewd moisture ratio at the dry end
ewi moisture ratio of interest
ewini initial moisture ratio
ewm moisture ratio at MDD
ews moisture ratio at saturation
f(ewi) a function that gives De due to wetting from

ewini to ewi
g(ewi) a function that gives De due to wetting from ewd

to ewi
Gs specific gravity
LOO line of optimum
MC moisture content
MDD maximum dry density

p net stress (=total stress - ua)
plow the lowest net stress used in the framework
pL the net stress at the end of loading
pU the net stress after unloading
Sr degree of saturation
ua pore air pressure
uw pore water pressure
VCS virgin compaction surface
a hydric coefficient
Depmax maximum achievable De due to wetting from ewd

under the constant p
ðDemaxÞpini maximum achievable De due to wetting from

ewini under the constant p
DeWT the change in void ratio due to wetting
DeU the change in void ratio due to unloading
Dew the change in moisture ratio
f ratio of ewm/ews
j unloading coefficient
kd slope of compression line at ewd
ks slope of compression line at saturation
w suction (ua-uw)
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in interpreting the resilient behavior and permanent vol-
ume change characteristics of granular materials.

Constitutive models are frequently developed to predict
the behavior of soils by proposing relationships between
state variables through single-valued expressions
(Fredlund and Rahardjo, 1993). The relationship between
deformation state variables and stress state variables is
expressed through volume change constitutive models. Tra-
ditionally, in unsaturated conditions, deformations due to
loading and wetting are presented in the form of void
ratio-net stress (e-p) and void ratio-suction (e-w) curves.
Presentation of the constitutive models can be done
through a constitutive (or state) surface within a 3D plot
with two axes representing stress state variables and the
third axis representing the deformation state variable.

The concept of unsaturated constitutive surfaces was
first proposed by Matyas and Radhakrishna (1968), in
which the developed surface related the void ratio and
degree of saturation with matric suction and net stress.
The state surface approach (SSA) incorporating suction
was utilized by several researchers, and was significantly
improved by Fredlund and Rahardjo (1993). However,
since SSA models were based on an elastic analysis, they
lacked the ability to fully explain the behavior of unsatu-
rated soils that typically exhibit plastic behavior as well
(Zhang and Li, 2011). As a result, researchers tended to
prefer elasto-plastic models over SSA models. Alonso
et al. (1990) proposed a comprehensive elasto-plastic model
2

capable of interpreting several aspects of unsaturated soils
behavior. This model, termed as the Barcelona Basic
Model (BBM), became the basis of several well-known
future models, such as Cui and Delage (1996), Wheeler
et al. (2003), and Vassallo et al. (2007). The BBM can be
considered as the first elasto-plastic model that is mainly
used to describe the volumetric response of unsaturated
soils using suction as a constitutive parameter. The BBM
framework developed a model and proposed a space to
describe the isotropic stress states, being net mean stress
and suction. In the BBM type models, a constitutive sur-
face can be achieved using a group of loading-collapse
curves, each corresponding to a constant suction. Each
point at a loading-collapse contour on the surface repre-
sents a yield point obtained from suction-controlled
oedometer testing. Using BBM type constitutive surfaces,
if a sample is loaded to a certain yield stress under constant
suction and then wetted to reach the suction equivalent to
zero (saturation state), the sample would achieve maximum
achievable collapse due to suction change. The minimum
collapse is achieved if the sample is wetted under a constant
stress equal or less than the yield stress corresponding to
saturation state (w = 0).

BBM type models however have a few limitations
(Zhang and Li, 2011). The first limitation in developing
the loading-collapse and suction increase (drying) curves
is an implicit, and arguably unrealistic, assumption that
‘‘identical” specimens have identical stress histories. The
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next limitation is associated with the determination of
model parameters. Even with the availability of suction
controlled testing equipment and specialized testing staff,
BBM type models use a limited number of test results with
the aim of developing a model that is capable of interpret-
ing soil behavior under any conditions. Another limitation
with the BBM models is the uncertainty in the distinction
between the elastic and plastic behavior of unsaturated
soils. As a result, some researchers became willing to return
to the constitutive surfaces and attempted to resolve the
SSA limitations through development of a modified state
surface approach (MSSA). An example of a successfully
verified MSSA model was proposed by Zhang and
Lytton (2009), and Zhang and Lytton (2012). In their mod-
ified state surface, Zhang and Lytton introduced a loading-
unloading surface along the loading-collapse and suction
increase curves to incorporate both elastic and plastic
zones on the constitutive surface.

The development of a volume change model for unsatu-
rated geomaterials requires applying at least one of the
controlling state variables, being moisture content and suc-
tion (Gould et al., 2011). The state variable is defined as
any ‘‘non-material variable required for characterizing a
material system” (Fredlund and Rahardjo, 1993, Lu and
Likos, 2004). Lu (2008) believes that any variable with
the potential of substantial impact on the mechanical
behavior can be taken as a stress state variable. As a result,
both suction and moisture content could be considered as
stress state variables. Although, accepting the moisture
content as a state variable could be debatable, as moisture
content does not incorporate stress units.

Some researchers have focused on developing moisture
content (MC)-based frameworks, with the goal of develop-
ing a practical and cost-effective framework that worked
with conventional testing methods, backed by a robust the-
oretical basis. Heath et al. (2004) developed a model to
interpret the behavior of unsaturated granular materials
that did not require the measurement of suction. Their
model required void ratio, MC, and model parameters
achievable through conventional triaxial tests. Kodikara
(2012) proposed the most extensive MC-based framework
being Monash-Peradeniya-Kodikara (MPK). In the MPK
framework, a derivative of MC was incorporated in place
of suction, based on the work input equation proposed
by Houlsby (1997) in order to explain the volumetric
behavior of compacted unsaturated fine soils. Kodikara
(2012) incorporated ‘‘suction” indirectly, by stating that
at a constant net stress, the soil water characteristic curve
relates MC and suction. Experimental results of Gould
et al. (2011) and Fleureau et al. (2002) show that in con-
trast to suction, in a condition that is environmentally sta-
bilized, moisture ratio and void ratio do not exhibit
hydraulic hysteresis. A similar conclusion can be drawn
from experimental results presented by Raveendiraraj
(2009) through comparing the hysteresis effect in void
ratio-suction and void ratio-moisture ratio plots obtained
from the behavior of kaolin. Kodikara (2012) concluded
3

that the significant void ratio-suction and moisture ratio-
suction hysteresis may be minimized, if not eliminated, by
coupling void ratio and moisture ratio. In the current
research, the insignificant hysteresis between moisture con-
tent and void ratio was the rationale behind selecting a
MC-based framework over conventional suction-based
approaches. This was to meet an important objective of
this research being the development of a prediction model
with simplicity in achieving input parameters of the model
through non-complex testing procedures available in typi-
cal geotechnical testing facilities.

The outcome of the MPK framework was a constitutive
surface in the void ratio, moisture ratio (product of the
specific gravity and MC) and net stress (e-ew-p) space,
formed by a number of compaction curves at various com-
paction pressures. The surface was named Loading-
Wetting State Boundary Surface (LWSBS) and represented
the loosest state of a compacted soil at any specific net
stress and moisture ratio (Islam and Kodikara, 2015). Sim-
ilar to BBM type constitutive surfaces, each point on
LWSBS represents a yield point, therefore, if a sample at
a certain ew and e is loaded to a stress equivalent to the
yield stress, then wetted to saturation, the maximum col-
lapse would be achieved and the amount of the collapse
could be predicted by following the e-ew curve correspond-
ing to the yield stress contour. The yield stress contour is in
fact, the compaction curve of the yield (net) stress starting
from (e, ew) of interest to (eopt, ewopt), where eopt and ewopt
represent void ratio and moisture ratio at optimum mois-
ture content, respectively. Minimum collapse could be
obtained if the same sample was loaded to a stress equal
or less than the yield stress of the saturated sample.

The uniqueness of the LWSBS for unsaturated fine
soils has been verified through several investigations
including Islam and Kodikara (2015). Since its develop-
ment, a few researchers have focused on expanding the
application of the MPK framework application.
Abeyrathne (2017) extended the application of the MPK
framework to explain the deviatoric behavior of com-
pacted clay, by developing a unique state surface in a
space of specific volume, specific water volume
(=1 + ew) and net stress. Al-Taie et al. (2018) and
Al-Taie et al. (2019) utilized the MPK framework in order
to explain the collapse and swelling potential of lime trea-
ted highly expansive basaltic clay. They reported that a
significant collapse and swelling potential existed when
the lime-treated specimens were prepared at a high suc-
tion value and wetted under low net stresses even with
specimens being stabilized with lime at optimum lime con-
tent. Kieu and Mahler (2018) incorporated suction in a
LWSBS developed for a type of Hungarian high plasticity
clay using the MPK framework and investigated the
volumetric behavior of the soil with respect to changes
in p, ew, and w. They concluded that the MPK framework
was able to explain not only the volumetric behavior of
soils but also the shearing and tensile behavior of unsatu-
rated soils. Jayasundara et al. (2019) advanced the MPK
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Fig. 1. The VCS developed for CB showing the stress contours in the
space of e-ew–p.

Table 1
Model parameters used for the development of VCS for CB and WR.

Model Parameter CB WR

ewd 0.2 0.1
es0 0.65 0.682
ed0 0.755 0.793
plow 100 kPa 100 kPa
f 0.81 0.84
ks 0.065 0.069
kd 0.091 0.087
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framework by undertaking drying stress paths and verify-
ing the uniqueness of the LWSBS during drying paths.

The MPK framework and the studies that have further
verified or expanded the application of this framework
have all been proven to be valid for fine-grained materials.
However, the research work for expanding the application
of the framework to unsaturated granular material is lim-
ited to Yaghoubi et al. (2019). The virgin compaction sur-
face (VCS) developed by Yaghoubi et al. (2019) was
partially capable of explaining the volumetric behavior of
the granular material and was investigated through a lim-
ited number of the state paths and stress levels. Additional
state paths through an extended experimental program was
required for further investigation of the VCS which were
carried out and presented in the current article.

In this paper, for the first time, a moisture content-based
loading-wetting predictive model is presented and verified
that is capable of providing an accurate interpretation of
the volumetric behavior of unsaturated granular materials
in a wide range of stress levels and moisture contents. Previ-
ous models of unsaturated granular materials may or may
not give more accurate results compared to the current
model; they, however, share a drawback from the geotechni-
cal industry’s perspective which is the need for specialized
equipment for the determination of suction-based model
parameters. For instance, Pham and Fredlund (2011) pro-
posed ameticulous constitutivemodel, capable of predicting
the volumetric responses of granular soils. Despite offering
accurate volume change predictions and e-MCrelationships,
the model input parameters required unsaturated testing
equipment, not readily available in many testing facilities.

The importance of a realistic interpretation of the
loading-wetting volumetric response of granular material
is clearly evident in climatic events. Precipitation or flood-
ing can transform geotechnical structures, such as founda-
tions of infrastructures, from a more stable unsaturated
condition to a saturated condition. Understanding the vol-
umetric response of granular geostructures to changes in
the stress states caused by loading or wetting is crucial.

2. Background

Virgin compaction surfaces (VCS) for CB and WR were
previously developed in a moisture content-based scheme
using the experimental data obtained from a group of com-
paction curves (Yaghoubi et al., 2019). The VCS was devel-
oped by utilizing volume-mass relationship equations to
convert the traditional compaction curves into e-ew curves
corresponding to net stresses of p (hereafter referred to as
‘‘stress contours”). Fig. 1 presents the VCS generated for
CB in the (e-ew-p) space in which the LOO represents the
boundary between the dry and the wet sides of the devel-
oped surface. On the dry side, air can easily exit the soil,
whereas on the wet side, the air could get trapped if the soil
if loaded rapidly. Yaghoubi et al. (2019) proposed a predic-
tive model for developing the VCS, as presented in Eqs.
(1)–(4).
4

e ¼ ed � es
2

� �
cos

p
ewa � ewd

� �
ew � ewdð Þ

� �

þ ed þ es
2

� �
ð1Þ

es ¼ es0 � kslnð p
plow

Þ ð2Þ

ed ¼ ed0 � kd lnð p
plow

Þ ð3Þ

ewa ¼ 0:5 1þ fð Þes ð4Þ
Model parameters used in Eqs. (1)–(4) for developing

the VCS of CB and WR are presented in Table 1 and
defined in Notations.

Previously, a limited number of loading and wetting
state paths were undertaken to investigate the applicability
of developed VCSs, and the following outcomes were
concluded:

� The VCSs were unique in incremental monotonic load-
ing for the whole range of stress levels applied in the
research (100–4000 kPa).
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� The uniqueness of the VCSs with respect to wetting was
only verified for stress levels greater than 2000 kPa.

In the abovementioned model, the loading and wetting
induced volumetric behavior of the material was not fully
addressed. Also, the unloading state paths were not inves-
tigated with respect to VCS. In this paper, the focus was
placed on undertaking more loading and wetting state
paths in order to further evaluate the uniqueness of devel-
oped surfaces, as well as investigating unloading state
paths, and the ultimate goal was to develop a more accu-
rate constitutive model for interpreting the volumetric
behavior of the unsaturated granular material in a wider
range of stress levels compared to the previous model.
CB 

WR 

D>9.5 mm D<2.36 mm 9.5 mm>D>2.36 mm 

2.36 mm sieve 9.5 mm sieve 

Fig. 2. CB and WR samples split into three portions for sample
reconstitution.
3. Experimental program

3.1. Materials

The recycled granular materials used in this research
were Crushed Brick (CB), and Waste Rock (WR) sourced
from recycling industries in the state of Victoria, Australia.
The reuse of waste granular materials was aimed to pro-
mote sustainable design and construction. Table 2 presents
the geotechnical properties of CB and WR that were used
for the development of the model proposed in this research.
In preparation of the granular samples for the state path
tests, as a measure to achieve maximum consistency, two
control sieves were used to split the materials into three
portions as presented in Fig. 2. These three portions were
mixed in specific percentages, achieved from the particle
size distribution (PSD) of the as-received material.

The tactile assessment, together with scanning electron
micrographs presented in Fig. 3 (2000 times magnified)
indicate that CB particles (Fig. 3(a)) have a rougher surface
compared to WR particles (Fig. 3(b)) and hence, greater
internal friction. Fig. 3 also shows the presence of microp-
ores in the CB particle, which could result in CB samples
having dual porosity. However, reviewing soil water char-
acteristics curves (SWCC) of CB blends available in the lit-
erature (Azam et al. (2013) and Azam et al. (2014) among
others) does not show similarities with SWCC of the gran-
ular material with dual porosity. A CB sample compacted
to the modified Proctor MDD at moisture content of 7.5%
(the driest state of CB in this research) will have a range of
Table 2
Geotechnical properties of CB and WR.

Material Specific
gravity, Gs

Fine content (%)
[particles finer
than 0.075 mm]

Maximum
particle size
(mm)

Crushed
Brick
(CB)

2.64 6 19

Waste
Rock
(WR)

2.82 4 19

5

suction between 1 and 5 kPa estimated using Aubertin et al.
(2003) and Perera et al. (2005) predictive models. This
range for WR at the driest state of WR in this research
(3.6%) is 0.7 to 1.5 kPa. CB and WR have estimated suc-
tion of less than 1 kPa and 0.5 kPa at close-to-saturation
states, respectively.

3.2. Testing equipment

The testing equipment consisted of a loading system, the
testing mold, and accessories. The loading system was a
UTM-100 machine (100 kN capacity) equipped with a load
cell and Linear Variable Differential Transformer (LVDT)
connected to a data logger in order to record the stress and
deformations during the tests. Three openings in the wall of
the mold and three openings on the loading plate allowed
for the controlled injection of water (wetting) from the
top and sides of the sample during the tests. The testing
equipment are presented in Fig. 4. During the tests, drai-
nage was allowed from the top of the sample. Lubricating
grease was used on the internal wall of the mold to reduce
the influence of friction between soil and mold.

3.3. Loading, unloading and wetting procedures

The state paths conducted in this research included
Loading-Wetting (LW), Loading-Unloading–Wetting
(LUW) and Loading-Wetting-(greater) Loading-Wetting
Maximum Dry
Density (kg/m3)

Optimum
moisture content
(%)

Water
absorption
(%)

Hydraulic
conductivity
(m/s)

1990 10.8 6.6 1.16 � 10�6

2220 5.7 4.1 2.45 � 10�6



a 

b 

20 μm 

20 μm 

Fig. 3. Scanning Electron Micrographs of (a) a CB particle, and (b) a WR
particle.
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(LWLW). An example of each of these state paths is indi-
cated in Fig. 5, in which point O is the starting point.
Depending on the MC of the sample, in order to prevent
the possible build-up of pore water pressure, two different
loading rates were applied until the target net stress (p)
was achieved. Loading rates of approximately 500 kPa/
min and 50 kPa/min were applied to samples with MCs
lower or higher than their modified Proctor optimum mois-
ture contents (OMC), respectively, as presented in Table 2.
An unloading rate of approximately �500 kPa/min was
used for all samples. On reaching the target p, static pres-
sure was kept constant on the sample until no further
deformation was observed.

Controlled wetting was achieved through the injection
of a predetermined amount of water using a graded syr-
inge. The calculated amount of water corresponding to a
2% increase in the moisture content was added at reaching
a constant displacement reading in the current moisture
content. Following each injection, the openings were cov-
ered with cellophane sheets to prevent evaporation. Incre-
ment of moisture content was carried out in steps until
the saturation state was achieved. In this experimental pro-
gram, drying paths were not carried out, as the focus of the
6

research was on the settlement of a granular geostructure
due to wetting. In any case, unlike fine-grained soils, such
as clay, granular materials, especially those in a compacted
state are not known to exhibit shrink (or swell) behavior as
a result of drying. As an example, base/subbase layers com-
pacted at their optimum moisture content may commence
drying after compaction; however, they are not expected
to settle due to moisture loss. Fig. 6 shows the recorded
deformation due to loading, as well as wetting, during a
LWLW state path in a deformation-time plot.

4. Developed VCS and the state paths

Two conditions need to be met in order to verify the
uniqueness of the developed VCS. First, whether the state
paths travel along their corresponding contour of constant
net stress or constant moisture ratio on the developed VCS.
For instance, by loading the sample with the moisture ratio
of ew to the net stress of p, the state path reaches the VCS
at the point corresponding to p and ew. Second, whether
the surface is path-independent. Verification of the path-
independence can be achieved through a series of indepen-
dent state paths on identical samples, whereby a state path
describes the changes in the state of the soil (Fredlund and
Rahardjo, 1993).

4.1. Loading-wetting paths

The LW state paths conducted on CB and WR samples
are listed in Tables 3 and 4, respectively. In these tables, the
value in parentheses after L refers to the net stress (p) and
‘‘sat” refers to the saturation condition. Additional LW
paths compared to limited paths in Yaghoubi et al.
(2019) were carried out to cover a variety of net stresses
and initial moisture ratios. Four LW paths conducted on
CB and WR are selected to be presented in Fig. 7 and
due to similar behavior of CB and WR, for brevity, the
response on CB is discussed in this section.

Fig. 7(a) shows two state paths for CB, being CB-L(100)
W(sat)-2 and CB-L(4000)W(sat)-1 in Table 3, and the VCS
developed for CB in the space of e-ew-p. In CB-L(100)W
(sat)-2 path (dashed line), loading the sample from a loose
state to p = 100 kPa at ew = 0.35 resulted in reaching the
stress contour of 100 kPa on the VCS (point A). However,
by wetting the sample under constant p of 100 kPa, the
state path and the stress contour diverge. Similar behavior
was observed by conducting the LW paths under net stres-
ses of up to and including1000 kPa presented in Table 3.
This showed that at stress levels less than 2000 kPa, the
loading state path was predictable using the VCS, whereas
the wetting path was not. In CB-L(4000)W(sat)-1 path a
stress level of 4000 kPa was targeted. The sample was
loaded from a loose state at ew = 0.2 to p = 4000 kPa
(point A’), and from there was wetted to saturation under
constant p of 4000 kPa (point B’). Fig. 7(a) indicates that
the loading path, at constant ew = 0.2, follows the VCS
and reaches the stress contour of 4000 kPa at point A’. This
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Fig. 4. Testing equipment: (a) image of the compaction mold, loading frame and the accessories, (b) detailed drawings of the mold, base and loading plate.
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was expected since the VCS is defined as the loosest state of
the sample at any specific p and ew of interest. Interestingly,
the wetting path followed the stress contour of 4000 kPa.
Similar behavior was observed when specimens were pre-
pared at different moisture ratios and loaded to the stresses
of 2000 kPa and 4000 kPa and then wetted to saturation.
This showed that both loading and wetting-induced defor-
mations were predictable using the VCS, provided that the
wetting path was undertaken under stress levels greater
than 2000 kPa. Undertaking several more LW paths on
WR samples, such as those presented in Fig. 7(b) with dif-
ferent initial ew and p, further supported the conclusions
made based on LW paths on CB.

The state paths listed in Tables 3 and 4, also indicated
that the deformation through wetting was to a great extent
lower when the initial ew was shifted towards the wet end
on the surface. This can be explained by the typical SWCC
shape for granular materials, although the focus of the cur-
rent research is working within a moisture content-based
framework. Changes in moisture content close to the dry
end of the SWCC result in greater changes in suction com-
pared to those resulted by the same moisture variation clo-
ser to the wet end of the SWCC. For instance, while the
change of Sr from 80% to 90% results in 0.06 kPa reduction
of suction for WR, following Perera et al. (2005) predic-
tion, increasing Sr from 10% to 20% results in 9.7 kPa
reduction of suction, which is about 160 times greater. A
7

greater change in suction, as an internal stress, due to the
change in MC allows for greater deformation compared
to a lower suction change caused by the same change in
MC.

4.2. Loading-unloading-wetting paths

The LUW state paths conducted on CB and WR are
listed in Table 5. In Table 5, the value in parentheses after
L and U refers to the net stress (p) and ‘‘sat” refers to the
saturation condition. The paths were selected to cover sev-
eral net stresses and difference between stress levels, as well
as several initial moisture ratios. Two of the LUW paths
were selected to be presented and discussed in this section
(Fig. 8).

Fig. 8(a) shows CB-L(1000)U(500)W(sat) path and the
VCS developed for CB. In this figure, the sample was
loaded from a loose state (point O) at ew = 0.23 to
p = 1000 kPa (point A), unloaded to p = 500 kPa (point
B) at the same ew, and finally wetted to saturation under
p = 500 kPa (point C). The loading path (OA) reached
the stress contour of 1000 kPa while closely following the
ew contour of 0.23. By unloading the sample, the state path
moved away from the VCS to the space under the surface.
This was due to the fact that VCS represents the loosest
state of the sample at any p and ew while the sample at
point B had experienced a net stress greater than



Fig. 5. An example of state paths of (a) LW, (b) LUW, and (c) LWLW.
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Fig. 6. An example of deformation-time plot during a LWLW state path.
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500 kPa, i.e. 1000 kPa at point A. By wetting the sample
under p = 500 kPa, the state path moved towards the
8

Sr = 1 line. However, the path did not reach the stress con-
tour corresponding to p = 500 kPa. Therefore, the state
path remained under the surface from its driest to its wet-
test condition. A similar pattern was observed in other
LUW paths carried out on CB samples listed in Table 5.

Fig. 8(b) demonstrates the WR-L(4000)U(100)W(sat)
path and the VCS developed for WR. In this path, the
WR sample was loaded from a loose state at ew = 0.14
to p = 4000 kPa (point A), unloaded to p = 100 kPa (point
B), and finally wetted to saturation under p = 100 kPa
(point C). By unloading the sample to a lower stress level,
the state path moved to the space under the VCS. By wet-
ting the unloaded sample to the saturation condition under
p = 100 kPa, the state path did not reach the stress contour
of 100 kPa, as it had experienced a significantly denser state
under p = 4000 kPa. Experimental results of LUW paths
listed in Table 5 revealed the uniqueness of the VCS with
respect to loading. However, wetting the sample under a
constant stress that was lower that the compaction stress
could not be interpreted using the developed VCS.

LUW paths presented in Table 5 were further investi-
gated by calculating the unloading coefficient (j) and hyd-
ric coefficient (a) obtained from the LUW state paths. The
unloading coefficient is the gradient of changes in e due to
unloading at a constant ew. The hydric coefficient is the
gradient of changes in the e due to changes in ew under con-
stant p. Coefficients of j and a for each ew or p were calcu-
lated using Eqs. (5) and (6) and presented in Table 6.

a ¼ DeWT
Dew

ð5Þ

j ¼ DeU
ln pU

pL

ð6Þ

where DeWT is the change in void ratio due to wetting from
the initial ew to the final ew (B-C paths in Fig. 8), DeU is the
change in void ratio due to unloading, Dew is the change in
moisture ratio, pL is the net stress at the end of loading,
and pU is the net stress after unloading.

It is revealed that the values of DeWT are close to zero. In
other words, samples that had undergone a higher load of pL
do not show a considerable volume change through wetting
under a lower load of pU. The results in Table 6 also indicate
that a coefficients are generally lower than j coefficients and
both a and j are very close to zero. A hydric coefficient (a) of
0.222 was reported for kaolin sample loaded to pL = 1000-
kPa, unloaded to pU = 500 kPa and wetted under the same
pU in Islam (2015). Under the same stress levels of load-
ing–unloading, a significantly lower a coefficient of 0.002
was obtained for CB (and correspondingly for WR).

In LUW paths presented by Islam and Kodikara (2015),
the kaolin sample unloaded to the net stress of p initially
expanded during wetting until reaching the VCS and from
there followed the surface. In other words, the void ratio of
the unloaded sample initially increased through wetting.
This could be due to the reduction of inter-particle suction
pressure during wetting. In compacted samples of CB and



Table 3
A summary of the LW state paths carried out on CB.

Path ID Initial ew Test Description

CB-L(100)W(sat)-1 0.20 Loading from a loose state at MC = 7.6% to p = 100 kPa and wetting under p = 100 kPa to saturation
CB-L(100)W(sat)-2 0.35 Loading from a loose state at MC = 13.4% to p = 100 kPa and wetting under p = 100 kPa to saturation
CB-L(200)W(sat) 0.34 Loading from a loose state at MC = 12.7% to p = 200 kPa and wetting under p = 200 kPa to saturation
CB-L(500)W(sat)-1 0.20 Loading from a loose state at MC = 7.6% to p = 500 kPa and wetting under p = 500 kPa to saturation
CB-L(500)W(sat)-2 0.31 Loading from a loose state at MC = 11.7% to p = 500 kPa and wetting under p = 500 kPa to saturation
CB-L(1000)W(sat)-1 0.20 Loading from a loose state at MC = 7.6% to p = 1000 kPa and wetting under p = 1000 kPa to saturation
CB-L(1000)W(sat)-2 0.27 Loading from a loose state at MC = 10.2% to p = 1000 kPa and wetting under p = 1000 kPa to saturation
CB-L(2000)W(sat) 0.25 Loading from a loose state at MC = 9.5% to p = 2000 kPa and wetting under p = 2000 kPa to saturation
CB-L(4000)W(sat)-1 0.20 Loading from a loose state at MC = 7.6% to p = 4000 kPa and wetting under p = 4000 kPa to saturation
CB-L(4000)W(sat)-2 0.23 Loading from a loose state at MC = 8.7% to p = 4000 kPa and wetting under p = 4000 kPa to saturation

Table 4
A summary of the LW state paths carried out on WR.

Path ID Initial ew Test Description

WR-L(100)W(sat)-1 0.10 Loading from a loose state at MC = 3.6% to p = 100 kPa and wetting under p = 100 kPa to saturation
WR-L(100)W(sat)-2 0.13 Loading from a loose state at MC = 4.5% to p = 100 kPa and wetting under p = 100 kPa to saturation
WR-L(100)W(sat)-3 0.17 Loading from a loose state at MC = 6% to p = 100 kPa and wetting under p = 100 kPa to saturation
WR-L(200)W(sat) 0.17 Loading from a loose state at MC = 6.1% to p = 200 kPa and wetting under p = 200 kPa to saturation
WR-L(500)W(sat)-1 0.10 Loading from a loose state at MC = 3.6% to p = 500 kPa and wetting under p = 500 kPa to saturation
WR-L(500)W(sat)-2 0.14 Loading from a loose state at MC = 5% to p = 500 kPa and wetting under p = 500 kPa to saturation
WR-L(500)W(sat)-3 0.17 Loading from a loose state at MC = 6% to p = 500 kPa and wetting under p = 500 kPa to saturation
WR-L(1000)W(sat)-1 0.10 Loading from a loose state at MC = 3.6% to p = 1000 kPa and wetting under p = 1000 kPa to saturation
WR-L(1000)W(sat)-2 0.14 Loading from a loose state at MC = 5% to p = 1000 kPa and wetting under p = 1000 kPa to saturation
WR-L(2000)W(sat) 0.17 Loading from a loose state at MC = 6.1% to p = 2000 kPa and wetting under p = 2000 kPa to saturation
WR-L(4000)W(sat)-1 0.10 Loading from a loose state at MC = 3.8% to p = 4000 kPa and wetting under p = 4000 kPa to saturation
WR-L(4000)W(sat)-2 0.17 Loading from a loose state at MC = 6.1% to p = 4000 kPa and wetting under p = 4000 kPa to saturation

(a) (b)

Fig. 7. The state paths of (a) CB-L(100)W(sat)-2 and CB-L(4000)W(sat)-1, and (b) WR-L(500)W(sat)-2 and WR-L(2000)W(sat), and their corresponding
VCS, in the space of e-ew-p.
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WR, changes in suction before and after wetting was lim-
ited to a maximum of 10 kPa (Yaghoubi et al., 2017). Thus,
unlike the non-swelling kaolin sample, the reduction of suc-
tion did not have a significant influence on the volume
9

change of the compacted sample. The interlock due to
internal friction between the relatively rough CB and WR
particles prevented the sample from expansion due to wet-
ting. Hence, the hydric coefficient was close to zero.



Table 5
A summary of the LUW state paths carried out on CB and WR.

Path ID Initial ew Test Description

CB-L(500)U(100)W(sat) 0.20 Loading CB sample from a loose state at MC = 7.7% to p = 500 kPa, unloading to p = 100 kPa wetting
under p = 100 kPa to saturation

CB-L(1000)U(500)W(sat) 0.23 Loading CB sample from a loose state at MC = 8.9% to p = 1000 kPa, unloading to p = 500 kPa wetting
under p = 500 kPa to saturation

CB-L(4000)U(100)W(sat) 0.27 Loading CB sample from a loose state at MC = 10.1% to p = 4000 kPa, unloading to p = 100 kPa wetting
under p = 100 kPa to saturation

WR-L(200)U(100)W(sat) 0.12 Loading WR sample from a loose state at MC = 4.1% to p = 200 kPa, unloading to p = 100 kPa wetting
under p = 100 kPa to saturation

WR-L(500)U(200)W(sat) 0.10 Loading WR sample from a loose state at MC = 3.6% to p = 500 kPa, unloading to p = 200 kPa wetting
under p = 200 kPa to saturation

WR-L(4000)U(100)W(sat) 0.14 Loading WR sample from a loose state at MC = 5% to p = 4000 kPa, unloading to p = 100 kPa wetting
under p = 100 kPa to saturation

(a) (b)

Fig. 8. The state paths of (a) CB-L(1000)U(500)W(sat), and (b) WR-L(4000)U(100)W(sat), and their corresponding VCS, in the space of e-ew-p.
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4.3. Loading-wetting-loading-wetting paths

The LWLW state paths are a combination of two LW
paths starting from two different moisture ratios. The
LWLW state paths conducted on CB and WR samples
are listed in Table 7. The LWLW paths were selected in
order to cover different stress levels, as well as several initial
moisture ratios. Two of the LWLW paths were selected to
be presented in Fig. 9 and due to similar behavior of CB
and WR, for brevity, the response on CB samples is dis-
cussed in this section.

Fig. 9(a) shows the CB-L(100)W(0.36)L(500)W(sat)
path and the VCS developed for CB. In this path, the CB
sample was loaded from a loose state (point O) at
ew = 0.23 to p = 100 kPa (point A), wetted to ew = 0.36
(point B), then loaded to p = 500 kPa (point C), and finally
wetted to saturation under p = 500 kPa (point D). The
loading paths (OA and BC) reached their corresponding
stress contours. Wetting paths (AB and CD), however,
did not closely follow their corresponding stress contours.
10
This is in agreement with the conclusion made before,
based on the LW paths that the wetting path under low
stress levels, such as 200 kPa and 500 kPa cannot be inter-
preted accurately by the VCS.

As demonstrated in Fig. 9(b) both loading paths of OA
and BC reached their corresponding stress contours on the
VCS of WR. While the wetting path of CD closely fol-
lowed, although not as closely as CB samples, the corre-
sponding e-ew curve for p = 4000 kPa, the curve for
p = 100 kPa was not followed by the AB path. This further
verified the previously made conclusion that the wetting
paths follow the VCS provided that the stress level is
greater than 2000 kPa. In Fig. 9, BC paths only indicate
the beginning and end-point of the loading path and no
data were collected between A and B.

4.4. Discussion on the uniqueness of the developed VCS

Conducting several LW state paths with initial moisture
contents ranging from 3.9% to 13.4% under constant net



Table 7
A summary of the LWLW state paths carried out on CB and WR.

Path ID Initial ew Test Description

CB-L(200)W(0.28)L(4000)W(sat) 0.20 Loading CB sample from a loose state at MC = 7.6% to p = 200 kPa, wetting to MC = 10.6%
under p = 200 kPa, then loading to p = 4000 kPa and wetting under p = 4000 kPa to saturation

CB-L(100)W(0.36)L(500)W(sat) 0.23 Loading CB sample from a loose state at MC = 8.8% to p = 100 kPa, wetting to MC = 13.8%
under p = 100 kPa, then loading to p = 500 kPa and wetting under p = 500 kPa to saturation

CB-L(500)W(0.31)L(1000)W(sat) 0.20 Loading CB sample from a loose state at MC = 7.7% to p = 500 kPa, wetting to MC = 11.7%
under p = 500 kPa, then loading to p = 1000 kPa and wetting under p = 1000 kPa to saturation

WR-L(100)W(0.22)L(4000)W(sat) 0.13 Loading WR sample from a loose state at MC = 4.7% to p = 100 kPa, wetting to MC = 7.7%
under p = 100 kPa, then loading to p = 4000 kPa and wetting under p = 4000 kPa to saturation

WR-L(100)W(0.26)L(500)W(sat) 0.12 Loading WR sample from a loose state at MC = 4.3% to p = 100 kPa, wetting to MC = 9.3%
under p = 100 kPa, then loading to p = 500 kPa and wetting under p = 500 kPa to saturation

WR-L(500)W(0.22)L(1000)W(sat) 0.10 Loading WR sample from a loose state at MC = 3.7% to p = 500 kPa, wetting to MC = 7.7%
under p = 500 kPa, then loading to p = 1000 kPa and wetting under p = 1000 kPa to saturation

Table 6
Unloading and hydric coefficients of CB and WR.

Path ID Dew DeWT DeU a j

CB-L(500)U(100)W(sat) 0.294 0.0001 0.004 0.000 �0.002
CB-L(1000)U(500)W(sat) 0.169 �0.0003 0.003 �0.002 �0.004
CB-L(4000)U(100)W(sat) 0.068 0.0002 0.023 0.003 �0.006
WR-L(200)U(100)W(sat) 0.421 �0.0002 0.001 �0.001 �0.002
WR-L(500)U(200)W(sat) 0.405 0.0000 0.002 0.000 �0.003
WR-L(4000)U(100)W(sat) 0.209 0.0003 0.024 0.001 �0.006
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stresses of 100–4000 kPa showed that the developed VCSs
were unique with respect to loading. However, in wetting
paths, the surface was only unique under net stresses higher
than 2000 kPa. Comparison of the measured and predicted
void ratios during wetting paths under stress levels greater
than 2000 kPa, following Witczak et al. (2002) criteria
showed ‘‘Excellent” and ‘‘Good” accuracy. The accuracy
of the predicted data is presented in Table 8. In this table,
R2 is the coefficient of determination, Se is the standard
(a) (b

Fig. 9. The state paths of (a) CB-L(100)W(0.36)L(500)W(sat) and (b) WR-L(1
ew-p.
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error of estimate and Sy is the standard deviation. Evi-
dently, the predicted response of CB samples showed a bet-
ter correlation with the experimental data compared to that
of WR. Also, the LWLW state paths carried out for several
stress levels and initial moisture ratios were in agreement
with the results of individual LW state paths.

The path-independence of the developed VCS was previ-
ously verified by Yaghoubi et al. (2019). They showed that
for CB and WR, both Loading-Wetting (LW) and
)

00)W(0.22)L(4000)W(sat), and their corresponding VCS, in the space of e-



Table 8
Evaluation of the accuracy of predicted data.

Material State Path No. of data points (n) R2 Se/Sy Witczak et al. (2002) criteria

CB Wetting under p � 2000 kPa 13 0.97 0.19 Excellent
WR Wetting under p � 2000 kPa 16 0.72 0.53 Good

E. Yaghoubi et al. Soils and Foundations xxx (xxxx) xxx
Wetting-Loading (WL) state paths with the same initial
and final moisture and net stress conditions reached a close
location on their corresponding VCS, provided that the
final net stress level was equal or greater than 2000 kPa.

The LUW state paths revealed three points. Firstly, the
uniqueness of the surface with respect to loading was fur-
ther verified. In all the LUW paths, loading a sample to
the net stress of p, took the path to the corresponding stress
contour on the VCS. Secondly, when the sample was
unloaded to a lower net stress, the path was directed from
the surface to underneath the surface, confirming that the
VCS is a set of all points that represent the loosest state
at a given net stress and void ratio. Thirdly, if the sample
unloaded to the net stress of p and wetted under constant
p until it intercepted the stress contour of p, the surface
would not have been followed afterwards (e.g. Fig. 8). This
showed that the uniqueness of the surface due to changes in
the state variable of net stress was limited to monotonic
loading. In other words, the VCS is only followed in incre-
mental monotonic loading (increasing p), and monotonic
wetting (increasing ew).
4.5. Limitations of the developed VCS

The developed VCSs are applicable to stress levels
between 100 kPa and 4000 kPa. Therefore, the initial load-
ing paths from a loose state to sample compacted to
100 kPa cannot be interpreted using the surface. The selec-
tion of the lower limit, i.e. 100 kPa, was through a basic
estimation of the vertical stress at a depth of 250 mm
caused by a vehicle with approximately 500 kPa pressure
at the pavement-tire interface, using Foster and Ahlvin
(1954) chart for the distribution of vertical stress due to cir-
cular area loading. The selection of the upper limit, i.e.
4000 kPa was due to the capacity of the testing tools and
equipment.

The proposed VCSs that generate a direct relationship
between the traditional compaction curves and the consti-
tutive deformation response of soils aim to provide a sim-
ple approach for practical engineering applications as
explained in Section 7 of this article. However, even though
partially, as discussed in Sections 4.1–4.3, VCSs cannot
fully illustrate the complex behavior of unsaturated granu-
lar materials such as loading-unloading-reloading and
wetting-drying paths.

Advocating the use of moisture ratio does not under-
mine the work that can be done on hysteresis with suction.
The lack of directly incorporating suction in the moisture
content-based framework is not theoretically incorrect;
rather, it makes this approach a partial theory with the
12
goal of developing a method in which some difficulties
and complexities with previous models can be resolved.
Incorporating suction is required as a state variable in
the water flow equation. Nevertheless, moisture diffusivity
can also be used to model the water flow and hence, the
equation can be developed using moisture content alone
(Al-Taie et al., 2019). Although, this approach is limited
to modelling a single material layered system. In two or
more layered systems, the suction in the interface between
the two materials is the same, but the moisture contents of
the two materials can be different, and hence, the SWCC is
needed to relate the suction to the corresponding moisture
contents.
4.6. The need for an accurate model to predict the volume

changes

The wetting part of the LW paths presented in Tables 3
and 4 showed relatively smaller volume changes compared
to those of fine materials, especially when the sample was
under higher net stresses. In granular geostructures such
as unbound pavement base and subbase courses which
are normally well compacted and contain low fine contents,
relatively small volume changes occur through wetting
(Heath et al., 2004). Based on the estimation of suction val-
ues using Aubertin et al. (2003) and Perera et al. (2005)
models, reduction of suction (Dw) for CB wetted from
Sr = 0.48 to Sr = 1 under p � 200kpa was less than
2 kPa (1% of p) and 10 kPa (5% of p), respectively. In
the same wetting and loading regime, Dw of approximately
150 kPa (75% of p) for pearl clay in Sun et al. (2007) and
500 kPa (250% p) in Islam (2015) for kaolin was achieved.

In spite of low volume changes of the compacted gran-
ular material through wetting, accumulation of small vol-
ume changes eventually results in major distresses such as
rutting. The investigation of the state paths, revealed that
the VCS is incapable of accurately predicting the wetting
induced deformations under net stresses lower than
2000 kPa. Granular materials are known to show notably
different volumetric behavior under low net stresses com-
pared to higher pressure conditions (Macari-Pasqualino
et al., 1994). High internal frictions between rough-
surfaced particles of granular materials and low suction
pressure in these materials could result in a different
response in LW state paths, leading to the wetting paths
not following the developed VCS in low stress levels. In
the case of WR, even at stress levels greater than
2000 kPa, the accuracy of the predicted paths was ‘‘Good”
and not ‘‘Excellent”. These observations necessitate the
development and validation of a more accurate model to
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interpret the volumetric behavior of the loaded samples
during the wetting state paths.

5. Development of the wetting path model

In order to develop the wetting path model, the e-ew
curves of the wetting part of the LW paths were carefully
observed. The wetting paths under any specific constant
net stress, starting from different void ratios depending
on their initial moisture condition, generally formed nearly
parallel curves, based on observing experimental results of
22 LW paths (a total of 53 and 84 data points for CB and
WR, respectively). More experimental results could further
verify this conclusion. Fig. 10, shows two wetting curves
under the constant p of 500 kPa for WR, as an example.
The wetting path of the continuous curve started at initial
moisture ratio (ewini) of 0.1 and the path of the dashed
curve started from a greater ewini of 0.14. Even though,
the values of initial void ratios corresponding to ewini under
constant net stress of p (epini) were not the same, both curves
followed a nearly parallel trend. The curves tended to
change to a linear shape as the sample became wetter than
the moisture ratio of 0.2. The same behavior was observed
in all wetting paths presented in Tables 3 and 4. This indi-
cated that the void ratio of interest under the net stress of p
ðepi Þ corresponding to a moisture ratio of interest (ewi)
could be achieved using Eq. (7).

epi ¼ epini � f ðewiÞ ð7Þ
where f(ewi) is a function of ew that gives the reduction of e
due to wetting from ewini to ewi.

Two sets of information were required for predicting the
volume change due to wetting. First, a wetting path from
the driest point of interest (ewd) to saturation, which was
achievable by conducting a single wetting state path test.
This gave the maximum achievable reduction of void ratio
due to wetting under the constant net stress of p (Depmax).
Second, the state where the wetting started (ewini, epini).
Value of epini could be achieved from Eq. (1).
Fig. 10. Close-up images of two wetting paths under the same net stress
(500 kPa), but starting from different initial moisture ratios for WR.
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In order to propose an equation for f(ewi), the reduction
of e due to wetting from ewini to ewi under the net stress of p
(Depi ) was obtained using the experimental data and Eq. (8).
Evidently, if ewini = ewd, then Depi = Depmax.

Depi ¼ epi � epini ð8Þ

Using the obtained values of Depi , plots of ew-De could
be drawn. Fig. 11(a) shows schematic ew-e (the continuous
curve) and the corresponding ew-De plots (the dashed
curve) in which the initial condition was the driest point
of interest (points A or A’). In this case, ewini was equal
to ewd, hence, e

p
ini was equal to epd . The equation that defined

the dashed curve in Fig. 11(a) was, in fact, the f(ewi) term in
Eq. (7).

The dashed curve in Fig. 11(a) resembles the top half of
a logistic function. A typical logistic function is shown in
Fig. 11(b) with its top half presented in dashed line. The
trend of the top half of this function shows that increasing
the value of x initially causes a rapid increase in the value
of f(x). However, the rate of increase leans towards zero
after a specific value of x. This behavior could clearly be
seen in Fig. 11(a) (the ew-De curve) considering De as f(x)
and ew as x. A standard logistic function is presented in
Eq. (9).

f xð Þ ¼ L
1þ Exp½�k x� x0ð Þ� þ C ð9Þ

where L is the curve’s maximum value, x0 is the x value of
the curve’s midpoint, k is a parameter that determines the
steepness of the curve, Exp(x) is the exponential function,
and C is a constant value.

In order to develop the logistic equation that fits the ew-
De curve presented in Fig. 11(a), standard logistic func-
tion’s parameters were defined as the following:

� x: ewi
� x0: ewd
� L: 2Depmax

The maximum achievable value was, in fact, Depmax; how-
ever, since only half of the standard logistic function was
used to fit the experimental data, Depmax was multiplied by
2 to be taken as L. Accordingly, Eq. (9) could be converted
into Eq. (10).

g ewið Þ ¼ 2Depmax

1þ expð�k ewi � ewdð ÞÞ þ C ð10Þ

where g(ewi) is a function that gives the reduction of void
ratio due to wetting from ewd to ewi under the constant p.

Considering the fact that g(ewi) = 0 where ewi = ewd, C
equals Depmax. Hence, Eq. (10) could be rewritten in the
form of Eq. (11).

g ewið Þ ¼ Depi ¼ Depmaxð
2

1þ exp �k ewi � ewdð Þð Þ � 1Þ ð11Þ



Fig. 11. Defining the model parameters: (a) Schematic ew-e and the corresponding ew-De plots and (b) typical logistic function drawn using the presented
parameters.
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The value of Depini could be obtained using Eq. (11) by
taking ewini as ewi. Subsequently, ðDemaxÞpini was obtained

using Eq. (12). For a clearer image, ðDemaxÞpini is shown in

Fig. 11(a).

ðDemaxÞpini ¼ Depmax � Depini ð12Þ
Replacing Depmaxwith ðDemaxÞpini and ewd with ewini in Eq.

(11), f(ewi) in Eq. (7) could be obtained using Eq. (13).

f ewið Þ ¼ Depi

¼ ðDemaxÞpinið
2

1þ exp �k ewi � ewinið Þð Þ � 1Þ ð13Þ

Using Eqs. (1) and (13), the void ratio of the sample
loaded to p and then wetted under the constant p was
achievable, regardless of the initial ew of the sample or
the magnitude of the p under which wetting was carried
out.
14
6. Verification of the proposed prediction model

In this section, the model proposed in Section 5 is eval-
uated by comparing the data measured through the labora-
tory experiments and the data predicted using the model.

6.1. Outline of the proposed procedure

The simplicity in obtaining the input parameters is the
most important attribute of the proposed model. Table 9
presents a list of input parameters required for using the
model and the tests or equations required for the determi-
nation of these parameters. Once the VCS is developed
using Eq. (1) or experimental data, for any net stress of
interest, the experimental data of only one LW path is
required in order to predict any LW path starting from
any ewini between ewd and saturation.



Table 9
Input parameters of the proposed model for LW state paths.

Input parameter Required test/equation No. Required No. of tests

epini Eq. (1) NA
Depmax LW path from driest condition to saturation condition under p 1 for each p of interest
ðDemaxÞpini Eq. (9) NA
k Fitting the data achieved from LW path (conducted for obtaining Depmax) to Eq. (8) NA
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In order to use the model the procedure described below
is proposed:

1) Determine epini before starting the wetting under con-
stant p using Eq. (1).

2) Carry out a LW state path test from the driest point
of interest (ewd) to saturation condition (ews) under
the p of interest to obtain epd and epsand the difference
between these two values (Depmax).

3) Obtain the value of k by fitting Eq. (11) to the data
achieved from the LW state path carried out in Step
2.

4) Use Eq. (11) and input ewini for ewi to obtain Depini.
5) Use Eq. (12) to obtain ðDemaxÞpini.
6) Input ðDemaxÞpini in Eq. (13) to obtainf ewið Þ or Depi .
7) Input f(ewi) in Eq. (7) to obtain epi which is the void

ratio of the sample, wetted from ewini to ewi of interest
under constant p of interest.

The value of k depends on the type of material and the
stress level in LW paths. The higher the volume change due
to wetting and the lower the constant net stress during wet-
ting, the greater the value of k would be. Values of k
parameter achieved for LW paths for CB and WR sub-
jected to different stress levels are presented in Table 10.
The value of k for CB ranged between 5 and 10, whereas
this range for WR extended between 12 and 17.8. Compar-
ing the plots of LW state paths for WR and CB showed
greater settlement (steeper curve in the e-ew plane) for
WR due to wetting; hence, higher k values. Interestingly,
values of k and p showed a linear relationship for both
CB and WR, with the reduction of k as the net stress
increases for both CB and WR. The coefficient of determi-
nation (R2) of 0.97 for CB and 0.99 for WR showed that k
parameter could be estimated for any p between 100 kPa
and 4000 kPa with a high accuracy. Thus, by obtaining k
for the highest and lowest stress levels of interest, k param-
eters for any stress level in between can simply be
interpolated.
Table 10
Values of k obtained in LW paths under different
stress levels.

p (kPa) CB WR

100 10.0 17.8
500 9.2 17.3
1000 8.0 16.9
4000 5.0 12.0
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6.2. Verification using independent loading-wetting paths

In this section, two LW paths for CB and two for WR
were selected to be presented. The LW paths cover different
stress levels and different initial moisture ratios. Fig. 12
shows the predicted and measured CB-L(100)W(sat)-2
and CB-L(4000)W(sat)-2 state paths in the e-ew and e-log
p planes. In the CB-L(100)W(sat)-2 (Fig. 12(a) and (b)),
ewini = 0.35, epini=0.720, ðDemaxÞpini = 0.023 andDepmax = 0.063.
For the net stress of 100 kPa, the value of k was 10. The
predicted and measured paths were sufficiently close to
each other verifying the model for predicting the LW state
path under low net stress of 100 kPa.

In another attempt, a LW path obtained under the high
net stress of 4000 kPa was selected to evaluate the model at
high stress levels. Fig. 12(c) and (d) show the measured and
predicted LW path for CB-L(4000)W(sat)-2. In this path,
ewini = 0.23, epini= 0.419, ðDemaxÞpini = 0.008, Depmax= 0.009,

and k = 5. Comparing the measured and predicted paths
showed that the model was capable of predicting the LW
state paths under high net stress of 4000 kPa. The low value
of ðDemaxÞpini might seem negligible at the first glance. How-

ever, it is equivalent to the deformation of approximately
1.1 mm for a geotechnical layer with a thickness of
200 mm. In terms of pavements, the build-up of such a
small deformation could result in significant deformations,
such as rutting, in the long term.

Fig. 13(a) and (b) show the measured LW paths of WR-
(100)W(sat)-2 and WR-L(1000)W(sat)-2 (Table 4) in com-
parison with those predicted by the model. The model
parameters used for WR-(100)W(sat)-2 path included
ewini = 0.13, epini= 0.793, ðDemaxÞpini = 0.062, Depmax=0.079,
and k= 17.8. Oncemore, the predicted path closely followed
the path obtained from the experiment. To evaluate the abil-
ity of the model under different stress levels, a higher net
stress of 1000 kPa was also selected. Fig. 13(c) and (d) com-
pare the predicted and experimentally obtained LW state
path for WR under p = 1000 kPa, starting from ewini = 0.14.
Other model parameters included epini = 0.591,
ðDemaxÞpini = 0.038, Depmax=0.054, and k = 16.9. Alike the pre-

vious observations, the predicted LW path closely followed
themeasured path further verifying the capability of the pro-
posed model in predicting the LW-induced deformations.

6.3. Verification using a combination of loading and wetting

paths

In this section, two experimentally obtained combina-
tions of loading and wetting paths (LWLW) starting from



Fig. 12. Predicted vs measured state paths of (a and b) CB-L(100)W(sat)-2 in e-ew plane and e-log p planes, respectively and (c and d) CB-L(4000)W(sat)-2
in e-ew plane and e-log p planes, respectively.
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different initial conditions were selected to be presented and
compared with their corresponding model-predicted paths
in the e-ew and e-log p planes (Fig. 14).

In the first attempt the LWLW state path carried out on
a CB sample loaded and wetted under two net stresses of
500 kPa and 1000 kPa was compared with the path pre-
dicted using the model (Fig. 14(a)). This was carried out
through a double application of the model. In the first appli-
cation, p = 500 kPa, ewini = 0.2, epini=0.609, ðDemaxÞpini
=Depmax = 0.028, and k = 10. The wetting path for this sam-
ple under the net stress of 500 kPa continued up to moisture
ratio of 0.31. In the second application of the model,
p = 1000 kPa, ewini = 0.31, epini=0.528, ðDemaxÞpini = 0.007,

Depmax = 0.012, and k = 9.2. Fig. 14(a) indicates that the pre-
dicted LWLW path closely follows the measured LWLW
path verifying that the model was capable of predicting a
combination of the loading and wetting paths.

In another attempt, the LWLW state path for a WR
sample loaded to and wetted under two net stresses of
100 kPa and 500 kPa was predicted (Fig. 14(b)). Model
parameters for the first LW path under p = 100 kPa
included ewini = 0.12, epini= 0.793, ðDemaxÞpini= 0.66,
Depmax = 0.079, and k = 17.8. The sample was wetted under
p = 100 kPa up to moisture ratio of 0.26 and the loading
increased to the net stress of p = 500 kPa. In this part of
the path, ewini = 0.26, epini=0.628, ðDemaxÞpini = 0.009,
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Depmax=0.081, and k = 17.3. Fig. 14(b) shows that the pre-
dicted and measured LWLW paths were very close.

In the BC paths of Fig. 14, the initial moisture condition
of samples at the start of the second wetting paths was
greater than the OMC of the material. In such moisture
ratios, wetting path was more similar to a straight line
rather than a curve. In spite of this, the model was devel-
oped such that this semi-linear trend was also well pre-
dicted which was an improvement compared to the
previous model (Eq. (1)).
7. Discussion on the real-life application of the proposed

model

The model developed in this research aims to provide a
relationship between the moisture content, stress and the
resultant deformation state in a granular geotechnical
layer. External factors such as wetting through precipita-
tion can cause further densification in compacted geostruc-
tures and hence, greater deformation than expected. The
VCS and prediction model developed in this research aim
to address two matters: a) to predict the ultimate deforma-
tion state (or density) of the granular material compacted
using a known compaction effort at a determined moisture
content and, and b) to predict the further deformation that



Fig. 13. Predicted vs measured state paths of (a and b) WR-(100)W(sat)-2 in e-ew plane and e-log p planes, respectively and (c and d) WR-L(1000)W(sat)-2
in e-ew plane and e-log p planes, respectively.

(a) (b)

Fig. 14. Predicted vs measured state paths of (a) CB-L(500)W(0.31)L(1000)W(sat) and (b) WR-L(100)W(0.26)L(500)W(sat) in the space of e-ew-p.
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a compacted granular geostructure may exhibit due to a
moisture content increase.

The LW state paths of this research were selected to sim-
ulate a geotechnical structure that is supporting a super-
17
structure and is currently subjected to wetting. A real-life
example of such a state path is a granular foundation
underneath the footing of a structure which is being wetted
through precipitation or the leak in the water utilities of the
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structure. In such a case, using Eq. (1), the initial deforma-
tion state of the compacted geostructure on the VCS can be
determined. Next, by determining the input parameters
presented in Table 9 through basic geotechnical tests, and
following the steps outlined in Section 6.1, the final defor-
mation state of the geostructure after wetting can be
interpreted.

An instance of LUW state paths could be a lower layer of
a road embankment compacted by a compaction roller, sup-
ported the weight of the embankment fill or pavement layers
later placed on top of it and hence unloaded to a lower stress
level compared to the compaction pressure, and is now
being wetted as a result of flooding. Although, Eq. (1) can
be utilized to predict the density of the geotechnical layer
after being compacted at a determined moisture content,
the VCS cannot fully interpret the state of the geostructure
under unloading and wetting while being unloaded. In spiet
of this, Eqs. (5) and (6) can be used to determine the hydric
and the unloading coefficients in order to estimate the vol-
ume change due to unloading and wetting.

A real-life example of the LWLW path could be a gran-
ular foundation that was supporting the load of a footing
and was next partially wetted through precipitation to a
specific moisture content. Subsequently, the stress level
on the foundation was increased by constructing a struc-
ture over the footing, and another precipitation occurred
to increase the moisture content of the foundation. Once
more, Eq. (1) and the procedure summarized in Section 6.1
can be used to predict the deformation state of the
geostructure at any load or moisture conditions.

8. Conclusions

In this research, first, by extending the investigation on a
previously developed virgin compaction surface (VCS)
through several combinations of state paths the following
conclusions were made:

� The developed VCS were unique in loading state paths;
� The uniqueness of the VCS with respect to wetting was
only verified for the paths under constant net stresses
including and greater than 2000 kPa.

� The Loading-Unloading-Wetting paths could partially
be explained using the developed VCS. However, the
surface could not predict the behavior of a complete
path of LUW;

� The VCS were proved to be path-independent, at least
with respect to incremental monotonic loading and wet-
ting; and

� An application of the developed VCS could be the pre-
diction of the density of the unbound granular geotech-
nical layer with a determined moisture content,
compacted under different compaction energy and load
levels.

Next, a moisture content-based volume change model
was developed to predict the LW paths for the complete
18
range of net stresses and moisture ratios used in the frame-
work of this research. The model was verified for CB and
WR in net stresses between 100 kPa and 4000 kPa with
an initial moisture ratio within the driest condition and
the wettest condition (saturation). In this research, the dri-
est condition for CB (with ew of 0.29 at its OMC) and WR
(with ew of 0.16 at its OMC) were respectively, 0.2 and 0.1.
Model verification was done by comparing several LW
paths predicted using the model with those obtained exper-
imentally. The capability of the model in predicting a com-
bination of LW paths was also shown in plots of measured-
predicted LWLW state paths. These plots verified that the
model is capable of predicting the volume change of the CB
and WR samples regardless of the number of LW state
path or the initial moisture condition. This excludes the
wetting paths under a constant stress after unloading to a
lower than the compaction (yield) stress in which the com-
pacted sample is being wetted while being constantly
loaded under a ‘‘lower than compaction” stress.

An example of the real-life application of this model
could be the estimation of the settlement of a granular
geotechnical layer due to changes in its moisture content
during precipitation or flooding. This estimation would
usually be very difficult to achieve due to the complication
associated with conventional unsaturated volume change
models. In the current model, however, using a straightfor-
ward procedure, the volumetric behavior of the unsatu-
rated granular materials can be more simply interpreted
and widely incorporated in the design and analysis of
geotechnical structures.

It should be noted that the equations of the proposed
model are obtained using the data from non-swelling mate-
rials that do not contain cementitious contents. Therefore,
the model may not be applicable to the granular materials
with the potential of swelling, such as clayey gravel and
granular materials that contain cementitious particles in
their matrix, such as recycled concrete aggregates.

The VCS and the prediction model are developed based
on wetting paths, while unbound geostructures can be sub-
ject to both wetting and drying. Compacted granular mate-
rials are not expected to show volume change as a result of
drying, and hence, the current research has focused on the
wetting paths. Nevertheless, potential future research is
proposed to investigate the behavior of the granular mate-
rials in drying paths as well as wetting. Also, the experi-
ments in this research were carried out under static
loading. Potential research proposed for the future can
hence be the investigation of the volumetric behavior of
compacted unsaturated granular materials under cyclic
loading, vibration and/or creep loading conditions.
Acknowledgment

The authors wish to thank Professor Jayantha Kodikara
(Monash University, Australia) for providing helpful tech-
nical comments and feedback.



E. Yaghoubi et al. Soils and Foundations xxx (xxxx) xxx
References

Abeyrathne, A., 2017. A new modelling approach for compacted clayey
soils using specific water volume as a state variable. Monash
University. PhD.

Al-Taie, A., Disfani, M., Evans, R., Arulrajah, A., 2019. Collapse and
swell of lime stabilized expansive clays in void ratio-moisture ratio–net
stress space. Int. J. Geomech. 19 (9), 04019105.

Al-Taie, A., Disfani, M., Evans, R., Arulrajah, A., Horpibulsuk, S., 2018.
Volumetric behavior and soil water characteristic curve of untreated
and lime-stabilized reactive clay. Int. J. Geomech. 19 (2), 04018192.

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

Aubertin, M., Mbonimpa, M., Bussière, B., Chapuis, R.P., 2003. A model
to predict the water retention curve from basic geotechnical properties.
Can. Geotech. J. 40 (6), 1104–1122.

Azam, A., Cameron, D., Gabr, A., Rahman, M., 2014. Matric Suction in
Recycled Unbound Granular Materials. Geo-Congress 2014: Geo-
characterization and Modeling for Sustainability.

Azam, A., Cameron, D., Rahman, M., 2013. Model for prediction of
resilient modulus incorporating matric suction for recycled unbound
granular materials. Can. Geotech. J. 50 (11), 1143–1158.

Ba, M., Nokkaew, K., Fall, M., Tinjum, J.M., 2013. Effect of matric
suction on resilient modulus of compacted aggregate base courses.
Geotech. Geol. Eng. 31 (5), 1497–1510.

Cary, C.E., Zapata, C.E., 2011. Resilient modulus for unsaturated
unbound materials. Road Mater. Pavement Des. 12 (3), 615–638.

Cui, Y., Delage, P., 1996. Yielding and plastic behaviour of an
unsaturated compacted silt. Geotechnique 46 (2), 291–311.

Fleureau, J.M., Verbrugge, J.C., Huergo, P.J., Gomes Correia, A.,
Kheirbek-Saoud, S., 2002. Aspects of the behaviour of compacted
clayey soils on drying and wetting paths. Can. Geotech. J. 39 (6), 1341–
1357.

Foster, C., Ahlvin, R., 1954. Stresses and deflections induced by a uniform
circular load. Highway Research Board Proceedings.

Fredlund, D.G., Rahardjo, H., 1993. Soil Mechanics for Unsaturated
Soils. John Wiley & Sons.

Gould, S.J.F., Kodikara, J., Rajeev, P., Zhao, X.L., Burn, S., 2011. A void
ratio - water content - net stress model for environmentally stabilized
expansive soils. Can. Geotech. J. 48 (6), 867–877.

Heath, A.C., Pestana, J.M., Harvey, J.T., Bejerano, M.O., 2004.
Normalizing behavior of unsaturated granular pavement materials.
J. Geotech. Geoenviron. Eng. 130 (9), 896–904.

Houlsby, G., 1997. The work input to an unsaturated granular material.
Geotechnique 47 (1), 193–196.

Islam, T., 2015. A study of volumetric behaviour of compacted clayey soils
in the void ratio, moisture ratio and net stress space, Monash
University. Faculty of Engineering. Department of Civil Engineering.

Islam, T., Kodikara, J., 2015. Interpretation of the loading–wetting
behaviour of compacted soils within the ‘‘MPK” framework. Part I:
Static compaction 1. Can. Geotech. J. 53 (5), 783–805.

Jayasundara, C., Kodikara, J., Zhou, A., 2019. A volumetric yield surface
for compacted soils based on constant water content testing. E3S Web
of Conferences. EDP Sci.
19
Kieu, M., Mahler, A., 2018. A study on the relationship between matric
suction and the void ratio and moisture content of a compacted
unsaturated soil. Periodica Polytech. Civil Eng. 62 (3), 709–716.

Kodikara, J., 2012. New framework for volumetric constitutive behaviour
of compacted unsaturated soils. Can. Geotech. J. 49 (11), 1227–1243.

Lu, N., 2008. Is matric suction a stress variable? J. Geotech. Geoenviron.
Eng. 134 (7), 899–905.

Lu, N., Likos, W.J., 2004. Unsaturated Soil Mechanics. Hoboken, New
Jersey, Wiley.

Macari-Pasqualino, E.J., Runesson, K., Sture, S., 1994. Response
prediction of granular materials at low effective stresses. J. Geotech.
Eng. 120 (7), 1252–1268.

Matyas, E.L., Radhakrishna, H., 1968. Volume change characteristics of
partially saturated soils. Geotechnique 18 (4), 432–448.

Perera, Y., Zapata, C., Houston, W., Houston, S., 2005. Prediction of the
soil water characteristic curve based on grain-size-distribution and
index properties. In: Rathje, E.M. (Ed.), Advances in Pavement
Engineering. Geotechnical Special Publication 130, pp. 49–60.

Pham, H.Q., Fredlund, D.G., 2011. Volume–mass unsaturated soil
constitutive model for drying–wetting under isotropic loading–unload-
ing conditions. Can. Geotech. J. 48 (2), 280–313.

Raveendiraraj, A., 2009. Coupling of Mechanical Behaviour and Water
Retention Behaviour in Unsaturated Soils. University of Glasgow.

Sun, D.A., Sheng, D., Xu, Y., 2007. Collapse behaviour of unsaturated
compacted soil with different initial densities. Can. Geotech. J. 44(6),
673–686.

Vassallo, R., Mancuso, C., Vinale, F., 2007. Effects of net stress and
suction history on the small strain stiffness of a compacted clayey silt.
Can. Geotech. J. 44 (4), 447–462.

Wheeler, S., Sharma, R., Buisson, M., 2003. Coupling of hydraulic
hysteresis and stress–strain behaviour in unsaturated soils. Geotech-
nique 53 (1), 41–54.

Witczak, M., Kaloush, K., Pellinen, T., El-Basyouny, M., Von Quintus,
H., 2002. NCHRP Report 465: Simple Performance Test for Super-
pave Mix Design, TRB, National Research Council, Washington, D.
C.

Yaghoubi, E., Disfani, M.M., Arulrajah, A., Kodikara, J., 2016. Impact
of compaction methods on resilient response of unsaturated granular
pavement material. Proc. Eng. 143, 323–330.

Yaghoubi, E., Disfani, M.M., Arulrajah, A., Kodikara, J., 2017. Impact
of compaction method on mechanical characteristics of unbound
granular recycled materials. Road Mater. Pavement Des., 1–23

Yaghoubi, E., Disfani, M.M., Arulrajah, A., Kodikara, J., 2019. Devel-
opment of a void ratio-moisture ratio-net stress framework for the
prediction of the volumetric behavior of unsaturated granular mate-
rials. Soils Found. 59 (2), 443–457.

Zhang, X., Li, L., 2011. Limitations in the constitutive modeling of
unsaturated soils and solutions. Int. J. Geomech. 11 (3), 174–185.

Zhang, X., Lytton, R.L., 2009. Modified state-surface approach to the
study of unsaturated soil behavior. Part I: Basic concept. Can.
Geotech. J. 46 (5), 536–552.

Zhang, X., Lytton, R.L., 2012. Modified state-surface approach to the
study of unsaturated soil behavior. Part III: Modeling of coupled
hydromechanical effect. Can. Geotech. J. 49 (1), 98–120.

http://refhub.elsevier.com/S0038-0806(21)00033-0/h0010
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0010
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0010
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0015
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0015
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0015
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0020
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0020
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0025
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0025
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0025
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0035
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0035
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0035
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0040
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0040
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0040
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0045
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0045
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0050
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0050
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0055
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0055
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0055
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0055
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0065
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0065
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0070
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0070
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0070
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0075
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0075
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0075
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0080
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0080
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0090
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0090
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0090
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0090
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0095
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0095
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0095
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0100
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0100
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0100
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0105
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0105
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0110
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0110
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0115
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0115
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0120
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0120
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0120
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0125
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0125
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0135
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0135
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0135
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0140
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0140
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0150
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0150
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0150
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0155
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0155
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0155
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0165
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0165
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0165
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0170
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0170
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0170
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0175
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0175
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0175
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0175
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0180
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0180
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0185
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0185
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0185
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0190
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0190
http://refhub.elsevier.com/S0038-0806(21)00033-0/h0190

	A prediction model for the loading-wetting volumetric behavior �of unsaturated granular materials
	1 Introduction
	2 Background
	3 Experimental program
	3.1 Materials
	3.2 Testing equipment
	3.3 Loading, unloading and wetting procedures

	4 Developed VCS and the state paths
	4.1 Loading-wetting paths
	4.2 Loading-unloading-wetting paths
	4.3 Loading-wetting-loading-wetting paths
	4.4 Discussion on the uniqueness of the developed VCS
	4.5 Limitations of the developed VCS
	4.6 The need for an accurate model to predict the volume changes

	5 Development of the wetting path model
	6 Verification of the proposed prediction model
	6.1 Outline of the proposed procedure
	6.2 Verification using independent loading-wetting paths
	6.3 Verification using a combination of loading and wetting paths

	7 Discussion on the real-life application of the proposed model
	8 Conclusions
	Acknowledgment
	References


