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1 INTRODUCTION 

Commonly presented as a plot of water content or 
degree of saturation versus the logarithm of matric 
suction, Water Retention Curve (WRC) describes 
the water retention capacity of a soil at any given 
suction. It enters the constitutive relations of the soil, 
providing a platform for the coupling of air and wa-
ter constituents within the system at a macroscopic 
level (e.g. see Khalili et al. 2000; Vaunat et al. 2000; 
Gallipoli et al. 2003b; Wheeler et al. 2003; Khalili et 
al. 2008; Khoshghalb and Khalili 2013). In addition, 
it is extensively used for quantifying unsaturated soil 
properties such as water and air relative permeabili-
ties (Corey et al. 1956; Mualem 1976; Lenhard and 
Parker 1987), shear strength properties (Fredlund et 
al. 1978; Vanapalli et al. 1996), effective stress pa-
rameter (Khalili and Khabbaz 1998; Khalili et al. 
2004; Lu and Likos 2006) and deformation and 
swelling characteristic (Matyas and Radhakrishna 
1968; Biarez et al. 1987). 

Numerous relationships have been presented in 
the literature for the mathematical representation of 
WRC (e.g. Brooks and Corey 1964; van Genuchten 
1980; Fredlund and Xing 1994). However, a vast 
majority has been for non-deformable soils ignoring 
the impact of volume change on WRC (Pasha et al., 
2015). The soil structural changes directly affect soil 
water movement by altering the hydraulic properties 
that are commonly described by WRC.  

The main contributions to the evolution of WRC 
with volume change have been due to Wheeler et al. 
(2003), Gallipoli et al. (2003a), Nuth and Laloui 
(2008), Tarantino (2009), Romero et al. (2011), 

Gallipoli (2012), and Zhou et al. (2012). The availa-
ble models are, however, often empirical in nature 
and mainly rely on fitting parameters. Excessive ex-
perimental time and cost related to the quantification 
of the embedded parameters in the existing models 
is a major issue in the process of the application of 
such models in the geotechnical engineering prac-
tice. More importantly, the influence of volumetric 
deformations on the evolution of the scanning path 
of WRC, i.e. the hysteresis effect, has been rarely 
investigated. This is despite the fact that essentially 
in the majority of cases, either in laboratory investi-
gations on unsaturated soils or in real-life, the load-
ing/unloading of soils are being done on the scan-
ning path of WRC. 

In this paper, an approach for the evolution of 
WRC with void ratio within the theoretical frame-
work of Khalili et al. (2008) is presented. The model 
proposed is an extension of the work by Mašín 
(2010) and includes the effects of hydraulic hystere-
sis and a change in void ratio on both branches of 
main wetting and drying curves, as well as transition 
from wetting to drying and vice versa. Particular at-
tention is given to the scanning behavior of the soil 
and the dependency of pore size distribution to void 
ratio. The approach proposed is general in nature, 
requires no additional parameters, and allows predic-
tion of the shift in WRC with volume change entire-
ly based on the form of WRC at a reference void ra-
tio. The applicability of the model to an extensive 
array of experimental data is demonstrated.  
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ABSTRACT: A model for the evaluation of the void ratio dependency of Water Retention Curve (WRC) in 
deformable porous media is presented. Models currently available in the literature for this purpose are primar-
ily empirical in nature and rely on extensive laboratory testing for parameter identification. The approach 
proposed in this paper requires no additional parameters and enables quantification of the dependency of 
WRC on void ratio solely based on the form of WRC at the reference void ratio. Particular attention is given 
to the effect of hydraulic hysteresis on the evolution process, an aspect rarely addressed in the literature. Good 
agreement is obtained between model predictions and experimental data in all the cases considered. 



2 PRELIMINARIES 

Following the fundamental contribution of Kha-
lili et al. (2008), the water volumetric strain (𝑑𝑑𝑉𝑉𝑤𝑤 𝑉𝑉⁄  
where 𝑉𝑉𝑤𝑤 and 𝑉𝑉 are water volume and total vol-
ume of soil, respectively) is related to the total vol-
umetric strain (𝑑𝑑𝑑𝑑𝑣𝑣 = 𝑑𝑑𝑉𝑉/𝑉𝑉 = 𝑑𝑑𝑉𝑉𝑣𝑣/𝑉𝑉 where 𝑉𝑉𝑣𝑣  is 
the volume of voids) in incremental from, as − 𝑑𝑑𝑉𝑉𝑤𝑤𝑉𝑉 = 𝜓𝜓𝑑𝑑𝑑𝑑𝑣𝑣 + 𝑎𝑎𝑑𝑑𝑎𝑎  (1) 

where a is the constitutive coefficient relating water 
retention at constant volume to a change in suction, 
and 𝜓𝜓 can be calculated from  

 ψ =
∂(χs)∂s = �1-

∂lnχ∂lns� χ   (2) 

in which 𝜒𝜒 is the effective stress parameter in total 
form which describes the contribution of suction to 
the effective stress of the soil solid skeleton. Note 
that in (2), 𝜕𝜕𝜕𝜕𝜕𝜕𝜒𝜒/𝜕𝜕𝜕𝜕𝜕𝜕𝑎𝑎 is taken as positive when 𝜒𝜒 
decreases with an increase in suction. Earlier defini-
tions of the effective stress parameter assumed direct 
correlation with the degree of saturation,  χ = Sr 
(Bishop and Blight, 1963). However, it was shown 
in many recent works (e.g., Hassanizadeh and Gray, 
1990; Houlsby, 1997) that only when the work of 
air-water interface is ignored, the effective stress pa-
rameter may be taken as the degree of saturation. 
Based on back-calculation of unsaturated shear test 
data for many soil types, Khalili and Khabbaz 
(1998) proposed an equation for the effective stress 
parameter. In this work, the hysteretic effective 
stress parameter, 𝜒𝜒, is quantified as follows:  
For main wetting and drying paths 

𝜒𝜒 = � 1 𝑓𝑓𝑓𝑓𝑓𝑓 𝑎𝑎 < 𝑎𝑎𝑒𝑒�𝑠𝑠𝑒𝑒𝑠𝑠 �𝛺𝛺     𝑓𝑓𝑓𝑓𝑓𝑓     𝑎𝑎 ≥ 𝑎𝑎𝑒𝑒 (3-1) 

For drying path reversals 𝜒𝜒 = �𝑠𝑠𝑎𝑎𝑒𝑒𝑠𝑠𝑟𝑟𝑟𝑟�𝛺𝛺 �𝑠𝑠𝑟𝑟𝑟𝑟𝑠𝑠 �𝜁𝜁   ;  �𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑎𝑎𝑒𝑒� 𝛺𝛺𝛺𝛺−𝜁𝜁 𝑎𝑎𝑟𝑟𝑑𝑑 ≤ 𝑎𝑎 ≤ 𝑎𝑎𝑟𝑟𝑑𝑑 (3-2) 

For wetting path reversal 𝜒𝜒 = �𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑟𝑟𝑤𝑤�𝛺𝛺 �𝑠𝑠𝑟𝑟𝑤𝑤𝑠𝑠 �𝜁𝜁   ;  𝑎𝑎𝑟𝑟𝑤𝑤 ≤ 𝑎𝑎 ≤ �𝑠𝑠𝑎𝑎𝑒𝑒𝑠𝑠𝑒𝑒𝑒𝑒� 𝛺𝛺𝛺𝛺−𝜁𝜁 𝑎𝑎𝑟𝑟𝑤𝑤 (3-3) 

where the air entry, 𝑎𝑎𝑎𝑎𝑒𝑒, and air expulsion, 𝑎𝑎𝑒𝑒𝑒𝑒, val-
ues denote the points of transition from saturation to 
unsaturation and vice versa along the main drying 
and main wetting paths, respectively. 𝛺𝛺 is the mate-
rial parameter, with the best fit value of 0.55, 𝜁𝜁 is 
the slope of the transition path between the main 
drying and wetting paths in a lnχ~lns plane. 𝑎𝑎𝑟𝑟𝑑𝑑 and 𝑎𝑎𝑟𝑟𝑤𝑤 are the points of suction reversal on the main 
drying and main wetting paths, respectively. A 
schematic representation of (3) is shown in Figure 1. 

 
Figure 1. Effective stress parameter versus suction 

 
The effective degree of saturation can also be de-

fined based the model originally proposed by Brooks 
and Corey (1964) to include hydralic hystersis, as 
follows: 
For main wetting and drying paths 

𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒 = � 1 𝑓𝑓𝑓𝑓𝑓𝑓 𝑎𝑎 < 𝑎𝑎𝑒𝑒
�𝑠𝑠𝑒𝑒𝑠𝑠 �𝜆𝜆𝑝𝑝     𝑓𝑓𝑓𝑓𝑓𝑓     𝑎𝑎 ≥ 𝑎𝑎𝑒𝑒 (4-1) 

For drying path reversals 𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒 = �𝑠𝑠𝑎𝑎𝑒𝑒𝑠𝑠𝑟𝑟𝑟𝑟�𝜆𝜆𝑝𝑝 �𝑠𝑠𝑟𝑟𝑟𝑟𝑠𝑠 �𝜉𝜉   ;  �𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑎𝑎𝑒𝑒� 𝜆𝜆𝑝𝑝𝜆𝜆𝑝𝑝−𝜉𝜉 𝑎𝑎𝑟𝑟𝑑𝑑 ≤ 𝑎𝑎 ≤ 𝑎𝑎𝑟𝑟𝑑𝑑(4-2) 

For wetting path reversal 𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒 = �𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑟𝑟𝑤𝑤�𝜆𝜆𝑝𝑝 �𝑠𝑠𝑟𝑟𝑤𝑤𝑠𝑠 �𝜉𝜉   ;  𝑎𝑎𝑟𝑟𝑤𝑤 ≤ 𝑎𝑎 ≤ �𝑠𝑠𝑎𝑎𝑒𝑒𝑠𝑠𝑒𝑒𝑒𝑒� 𝜆𝜆𝑝𝑝𝜆𝜆𝑝𝑝−𝜉𝜉 𝑎𝑎𝑟𝑟𝑤𝑤(4-3) 

where 𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒 = (𝑆𝑆𝑟𝑟 − 𝑆𝑆𝑟𝑟𝑒𝑒𝑠𝑠)/(1 − 𝑆𝑆𝑟𝑟𝑒𝑒𝑠𝑠) is the effec-
tive degree of saturation, 𝜆𝜆𝑝𝑝 is the pore size distri-
bution index or the slope of the WRC in a 
ln 𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒 ~ ln 𝑎𝑎  plane, and  𝜉𝜉  is the slope of the 
scanning path between the main drying and wetting 
paths in a ln 𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒 ~ ln 𝑎𝑎 plane. 

3 MODEL DEVELOPMENT 

The definition of the degree of saturation, 𝑆𝑆𝑟𝑟, and 
the assumption that solids are incompressible, 
yields, 𝑑𝑑𝑉𝑉𝑤𝑤𝑉𝑉 = 𝑆𝑆𝑟𝑟 𝑑𝑑𝑉𝑉𝑣𝑣𝑉𝑉 + 𝜕𝜕𝑑𝑑𝑆𝑆𝑟𝑟 = −𝑆𝑆𝑟𝑟𝑑𝑑𝑑𝑑𝑣𝑣 + 𝜕𝜕𝑑𝑑𝑆𝑆𝑟𝑟  (5) 

in which n is the porosity. It is noted that, 𝑑𝑑𝑆𝑆𝑟𝑟 =
𝜕𝜕𝑆𝑆𝑟𝑟𝜕𝜕𝑠𝑠 𝑑𝑑𝑎𝑎 +

𝜕𝜕𝑆𝑆𝑟𝑟𝜕𝜕𝜀𝜀𝑣𝑣 𝑑𝑑𝑑𝑑𝑣𝑣  (6) 



 
Substituting for 𝑑𝑑𝑆𝑆𝑟𝑟 from (6) in (5) results in, 𝑑𝑑𝑉𝑉𝑤𝑤𝑉𝑉 = −�𝑆𝑆𝑟𝑟 − 𝜕𝜕 𝜕𝜕𝑆𝑆𝑟𝑟𝜕𝜕𝜀𝜀𝑣𝑣� 𝑑𝑑𝑑𝑑𝑣𝑣 + 𝜕𝜕 𝜕𝜕𝑆𝑆𝑟𝑟𝜕𝜕𝑠𝑠 𝑑𝑑𝑎𝑎  (7) 

and comparing (7) with (1) yields, 𝜓𝜓 = 𝑆𝑆𝑟𝑟 − 𝜕𝜕 𝜕𝜕𝑆𝑆𝑟𝑟𝜕𝜕𝜀𝜀𝑣𝑣  (8-1) 

𝑎𝑎 = −𝜕𝜕 𝜕𝜕𝑆𝑆𝑟𝑟𝜕𝜕𝑠𝑠   (8-2) 

which describe a and 𝜓𝜓  in terms of 𝜕𝜕 , 𝜕𝜕𝑆𝑆𝑟𝑟/𝜕𝜕𝑎𝑎 
and the evolution of WRC with volumetric 
strain, 𝜕𝜕𝑆𝑆𝑟𝑟/𝜕𝜕𝑑𝑑𝑣𝑣. Noting 𝑑𝑑𝜕𝜕 = (𝜕𝜕 − 1)𝑑𝑑𝑑𝑑𝑣𝑣, (8-1) is 
rearranged to  𝑑𝑑𝑆𝑆𝑟𝑟 = (𝜓𝜓 − 𝑆𝑆𝑟𝑟)

𝑑𝑑𝑒𝑒𝑒𝑒   (9) 

where 𝑒𝑒 = 𝜕𝜕/(1 − 𝜕𝜕) is the void ratio. Now, com-
bining (3), (4) and (9), an expression for the evolved 
(updated) main drying (𝑎𝑎𝑒𝑒 = 𝑎𝑎𝑎𝑎𝑒𝑒) and wetting (𝑎𝑎𝑒𝑒 =𝑎𝑎𝑒𝑒𝑒𝑒) curves; i.e. due to an infinitesimal increment in 
the void ratio, is obtained as  𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒∗ = 𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒 + 𝑑𝑑𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒 = �𝑠𝑠𝑒𝑒𝑠𝑠 �𝜆𝜆𝑝𝑝 +�(1−𝛺𝛺)�𝑠𝑠𝑒𝑒𝑠𝑠 �𝛺𝛺−(1−𝑆𝑆𝑟𝑟𝑒𝑒𝑠𝑠)�𝑠𝑠𝑒𝑒𝑠𝑠 �𝜆𝜆𝑝𝑝−𝑆𝑆𝑟𝑟𝑒𝑒𝑠𝑠�𝑒𝑒(1−𝑆𝑆𝑟𝑟𝑒𝑒𝑠𝑠)

𝑑𝑑𝑒𝑒  (10) 

The updated scanning curve is in turn obtained in a 
similar manner as  𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒∗ = 𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒 + 𝑑𝑑𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒 = �𝑠𝑠𝑒𝑒𝑠𝑠𝑟𝑟�𝜆𝜆𝑝𝑝 �𝑠𝑠𝑟𝑟𝑠𝑠 �𝜉𝜉 +

�(1−𝜁𝜁)�𝑠𝑠𝑒𝑒𝑠𝑠𝑟𝑟�𝛺𝛺�𝑠𝑠𝑟𝑟𝑠𝑠 �𝜁𝜁−(1−𝑆𝑆𝑟𝑟𝑒𝑒𝑠𝑠)�𝑠𝑠𝑒𝑒𝑠𝑠𝑟𝑟�𝜆𝜆𝑝𝑝�𝑠𝑠𝑟𝑟𝑠𝑠 �𝜉𝜉−𝑆𝑆𝑟𝑟𝑒𝑒𝑠𝑠�𝑒𝑒(1−𝑆𝑆𝑟𝑟𝑒𝑒𝑠𝑠)
𝑑𝑑𝑒𝑒  (11) 𝑎𝑎𝑟𝑟 in (11) refers to the point of suction reversal on 

the main drying and wetting curves, with 𝑎𝑎𝑟𝑟 = 𝑎𝑎𝑟𝑟𝑑𝑑 
representing the reversal from the main drying curve 
and 𝑎𝑎𝑟𝑟 = 𝑎𝑎𝑟𝑟𝑤𝑤 capturing the reversal from the main 
wetting curve. Notice that all updated parameters are 
denoted by an asterisk.  

To obtain the updated air entry/air expulsion val-
ue (𝑎𝑎𝑒𝑒∗), (10) is considered at its limit of transition 
from saturation to unsaturation, where 𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒∗ =1, and 𝑎𝑎 = 𝑎𝑎𝑒𝑒∗, yielding 

(1−𝛺𝛺)𝑑𝑑𝑒𝑒𝑒𝑒(1−𝑆𝑆𝑟𝑟𝑒𝑒𝑠𝑠)
�𝑠𝑠𝑒𝑒𝑠𝑠𝑒𝑒∗�𝛺𝛺 + �1 − 𝑑𝑑𝑒𝑒𝑒𝑒 � �𝑠𝑠𝑒𝑒𝑠𝑠𝑒𝑒∗�𝜆𝜆𝑝𝑝𝑠𝑠𝑝𝑝 − �1 +𝑆𝑆𝑟𝑟𝑒𝑒𝑠𝑠𝑑𝑑𝑒𝑒𝑒𝑒(1−𝑆𝑆𝑟𝑟𝑒𝑒𝑠𝑠)
� = 0  (12) 

where 𝜆𝜆𝑝𝑝𝑠𝑠𝑝𝑝 is the pore size distribution index at the 
point of transition from saturation to unsaturation, 
and 𝑎𝑎𝑒𝑒∗ is the air entry value corresponding to the 
updated void ratio 𝑒𝑒 + 𝑑𝑑𝑒𝑒. For small increments of 
void ratio, an approximate solution can be found for 𝑎𝑎𝑒𝑒∗ using Taylor’s series (Pasha et al. 2017), yielding 
the following expression for the evolution of air en-
try (or air expulsion) value with void ratio, 

𝑎𝑎𝑒𝑒∗ = 𝑎𝑎𝑒𝑒 �1 +
𝛺𝛺

(1−𝑆𝑆𝑟𝑟𝑒𝑒𝑠𝑠)
 
𝑑𝑑𝑒𝑒𝑒𝑒 �−1 𝜆𝜆𝑝𝑝𝑠𝑠𝑝𝑝⁄

   (13) 

which results in the following estimation for the 
change in the air entry/expulsion value due to a 
small increment in void ratio,  𝑑𝑑𝑠𝑠𝑒𝑒𝑠𝑠𝑒𝑒 = − 𝛺𝛺

(1−𝑆𝑆𝑟𝑟𝑒𝑒𝑠𝑠)𝜆𝜆𝑝𝑝𝑠𝑠𝑝𝑝  
𝑑𝑑𝑒𝑒𝑒𝑒    (14) 

This is the same as the expression previously de-
rived by Mašín (2010) for the evolution of the air 
entry value with void ratio.  

To capture the dependency of 𝜆𝜆𝑝𝑝 to void ratio, it 
is first noted that for the main drying and wetting 
paths, the variation of the degree of saturation with 𝑒𝑒 can be expressed as, 𝜕𝜕𝑆𝑆𝑟𝑟𝜕𝜕𝑒𝑒 =

𝜕𝜕𝑆𝑆𝑟𝑟𝜕𝜕𝑠𝑠𝑒𝑒 𝜕𝜕𝑠𝑠𝑒𝑒𝜕𝜕𝑒𝑒 +
𝜕𝜕𝑆𝑆𝑟𝑟𝜕𝜕𝜆𝜆𝑝𝑝 𝜕𝜕𝜆𝜆𝑝𝑝𝜕𝜕𝑒𝑒    (15) 

Calculating the partial derivatives of 𝑆𝑆𝑟𝑟  with re-
spect to 𝑎𝑎𝑒𝑒  and 𝜆𝜆𝑝𝑝  using (4-1) and substituting 
from (9) and (14) in (15), the variation of 𝜆𝜆𝑝𝑝 with 
respect to 𝑒𝑒 can be obtained, 

𝜕𝜕𝜆𝜆𝑝𝑝𝜕𝜕𝑒𝑒 =
𝜓𝜓−𝑆𝑆𝑟𝑟+𝛺𝛺𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒 𝜆𝜆𝑝𝑝𝜆𝜆𝑝𝑝𝑠𝑠𝑝𝑝

(1−𝑆𝑆𝑟𝑟𝑒𝑒𝑠𝑠)𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒𝑙𝑙𝑙𝑙𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒 𝜆𝜆𝑝𝑝𝑒𝑒    (16) 

which can be used to calculate the updated pore size 
distribution index, 𝜆𝜆𝑝𝑝∗ . Notice that the 𝜆𝜆𝑝𝑝∗  is ob-
tained from a secant approach, i.e. from the point of 
air entry/expulsion to the point of interest on the 
main path of WRC. From (16), the limiting value of 𝜆𝜆𝑝𝑝∗ =𝜆𝜆𝑝𝑝𝑠𝑠𝑝𝑝∗  at 𝑎𝑎 = 𝑎𝑎𝑒𝑒∗ , is obtained as, (Pasha et al. 
2017) 𝜆𝜆𝑝𝑝𝑠𝑠𝑝𝑝∗ = 𝜆𝜆𝑝𝑝𝑠𝑠𝑝𝑝[1 + ��1−𝛺𝛺+𝜆𝜆𝑝𝑝𝑠𝑠𝑝𝑝�𝛺𝛺

(1−𝑆𝑆𝑟𝑟𝑒𝑒𝑠𝑠)𝜆𝜆𝑝𝑝𝑠𝑠𝑝𝑝 − 1� 𝑑𝑑𝑒𝑒𝑒𝑒 ] (17) 

It is noted that (16) shows some dependency of  𝜕𝜕𝜆𝜆𝑝𝑝/𝜕𝜕𝑒𝑒 to suction, s. However, such dependency is 
very slight and may be omitted with little influence 
on the evolution calculations of WRC with void ra-
tio (Mašín 2010). To remove dependency of 𝜕𝜕𝜆𝜆𝑝𝑝/𝜕𝜕𝑒𝑒   to suction (16) is linearised between 
points [𝑎𝑎𝑒𝑒/𝑎𝑎 = 1 , 𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒 = 1 ] and [𝑎𝑎𝑒𝑒/𝑎𝑎 =
(0.5)1/𝜆𝜆𝑝𝑝 , 𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒 = 0.5], leading to  𝜆𝜆𝑝𝑝∗ = 𝜆𝜆𝑝𝑝[1 − 3�(1−𝛺𝛺)�2(1−𝛺𝛺 𝜆𝜆𝑝𝑝)⁄ −1�−𝑆𝑆𝑟𝑟𝑒𝑒𝑠𝑠�2(1−𝑆𝑆𝑟𝑟𝑒𝑒𝑠𝑠)

𝑑𝑑𝑒𝑒𝑒𝑒 ] (18) 

If volume change occurs when the hydraulic state 
is on the scanning curve, updated slope of the scan-
ning curve (𝜉𝜉∗) must also be calculated. This is ob-
tained from the slope of the tangent to (11) at the 
point of interest as (Pasha et al., 2017) 𝜉𝜉∗ = 𝜉𝜉[1 +

(1−𝜁𝜁)(𝜁𝜁−𝜉𝜉)𝜉𝜉 𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒,𝑟𝑟 𝛺𝛺𝜆𝜆𝑝𝑝−1 𝑑𝑑𝑒𝑒𝑒𝑒 ] = 𝜉𝜉[1 +

(1−𝜁𝜁)(𝜁𝜁−𝜉𝜉)𝜉𝜉 �𝑠𝑠𝑒𝑒𝑠𝑠𝑟𝑟�𝛺𝛺−𝜆𝜆𝑝𝑝 𝑑𝑑𝑒𝑒𝑒𝑒 ] (19) 

where 𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒,𝑟𝑟 is the effective degree of saturation at 
the point of suction reversal. The updated 𝑎𝑎𝑟𝑟 is in 



turn obtained from the intersection of (19) with the 
updated main wetting and drying curves as 

𝑎𝑎𝑟𝑟∗ = � (𝑠𝑠𝑒𝑒∗)𝜆𝜆𝑝𝑝∗𝑠𝑠𝜉𝜉∗𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒∗ � 1�𝜆𝜆𝑝𝑝∗ −𝜉𝜉∗�
 (20) 

where 𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒∗  is the updated effective degree of satu-
ration at the point of interest on the scanning curve 
calculated from (11). Comparing the suction at the 
point of interest, 𝑎𝑎, to 𝑎𝑎𝑟𝑟∗ from (20) at each step of 
the calculation determines whether the soil hydraulic 
state is on the scanning path or it has moved to the 
main path due to the change in the void ratio. 

Finally, satisfying the constraint that the points of 
transition from drying to wetting and vice versa 
must coincide in both ln 𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒 ~ ln 𝑎𝑎 and ln𝜒𝜒~ ln 𝑎𝑎 
planes, yields 

𝜁𝜁∗ = Ω𝜉𝜉∗ �𝜆𝜆𝑝𝑝𝑑𝑑∗ +
�𝜆𝜆𝑝𝑝𝑤𝑤∗ −𝜆𝜆𝑝𝑝𝑟𝑟∗ �𝑙𝑙𝑙𝑙�𝑠𝑠𝑒𝑒𝑒𝑒∗𝑠𝑠𝑟𝑟𝑤𝑤∗ �𝑙𝑙𝑙𝑙�𝑠𝑠𝑒𝑒𝑒𝑒∗𝑠𝑠𝑟𝑟𝑤𝑤∗ �+𝑙𝑙𝑙𝑙�𝑠𝑠𝑟𝑟𝑟𝑟∗𝑠𝑠𝑎𝑎𝑒𝑒∗ � �−1  (21)  

4 MODEL PREDICTIONS AND COMPARISON 
WITH EXPERIMENTAL RESULTS  

In the following, the proposed model is verified us-
ing datasets from the literature. Model predictions 
are compared with experimental data for a range of 
void ratios and hydraulic states. Two examples are 
presented: one for the evolution of WRC with void 
ratio, and one for the variation of the degree of satu-
ration with void ratio at constant suction.  

4.1 Evolution of main path of WRC with void ratio: 
data on compacted till 

Vanapalli et al. (1999) derived laboratory WRCs of 
a sandy clay till which contained 8% sand, 41% silt, 
and 51% clay. The liquid and plastic limits of the 
soil were reported as 75.5% and 24.9%, respectively. 
The samples were compressed in conventional 
odoemeter apparatus under different pressures in or-
der to gain different initial densities prior to WRC 
tests. The WRCs obtained for these samples in dry-
ing path are replotted in Figure 2. The WRC at the 
most compact state, i.e. 𝑒𝑒 = 0.444 was selected as 
the reference WRC leading to the following model 
parameters: 𝑎𝑎𝑒𝑒0 = 90 𝑘𝑘𝑘𝑘𝑎𝑎 ; 𝜆𝜆𝑝𝑝0 = 0.12 ; 𝑆𝑆𝑟𝑟𝑒𝑒𝑠𝑠 =
0.1;  𝛺𝛺 = 0.55; 𝑒𝑒0 = 0.444. The WRCs predicted 
at the rest of the void ratios are also plotted in Figure 
2. As can be seen from this figure, the predicted wa-
ter retention behavior at various volumetric states 
agrees well with the experimental observations. 

 
Figure 2. Measured and predicted evolution of the main drying 
path of WRC with void ratio for compacted till – data after 
Vanapalli (1999) 

4.2 Variation of degree of saturation at constant-
suction loading tests: data on Pearl clay 
(kaolin) 

Sun et al. (2007) reported results of a series of devia-
toric and compression triaxial tests at different con-
stant suctions on unsaturated samples of compacted 
Pearl clay. The soil consisted of 50% silt and 50% 
clay (mainly kaolin) with a liquid limit of 49% and a 
plasticity index of 22%. The specimens were pre-
pared by compaction in a mould at a water content 
of about 26%, with the after-compaction suctions 
varying from 100 kPa to 150 kPa. The triaxial tests 
were performed for a range of isotropic compression 
and deviatoric loading at different values of constant 
suction (98, 147, 196, and 245 kPa) as shown in 
Figure 3. 
 

 
Figure 3. Stress paths for the constant suction loading tests on 
non-expansive clay (after Sun et al. 2007) 

 
 
 



 
The main wetting curve of the WRC for the 

above soil obtained at a reference void ratio of 1.299 
is illustrated in Figure 4. The input parameters used 
in the model for the stress paths shown in Figure 3 
are: 𝑎𝑎𝑒𝑒0 = 15 𝑘𝑘𝑘𝑘𝑎𝑎;  𝜆𝜆𝑝𝑝0 = 0.34; 𝜉𝜉0 = 0.08; 𝑆𝑆𝑟𝑟𝑒𝑒𝑠𝑠 =

0.1;  𝛺𝛺 = 0.55;  𝜁𝜁 = 0.0; 𝑒𝑒0 = 1.299.  

 

 
Figure 4. Measured WRC (wetting path) and the calibrated pa-
rameters (Data after Sun et al. 2007) 

 
The initial hydraulic state at the start of loading 

was considered to be scanning drying for path LMN, 
scanning wetting for paths CDG and IJK, and main 
wetting for paths CDE and BF. These were ascer-
tained from the target suction and the degree of satu-
ration at the start of each test in comparison with the 
wetting WRC adjusted for the void ratio at the start 
of each test. 

For all five loading paths, the simulation was per-
formed using the same set of parameters. The results 
are presented in Figure 5. Model predictions, for 
path LMN, show that a decrease in the void ratio, 
causes the soil hydraulic state to change from scan-
ning drying to scanning wetting up to the void ratio 
of 1.045. The hydraulic state then changes to the 
main wetting beyond this point until the end of the 
test. Similar behavior is also observed for paths IJK 
and CDG. The predicted curves in Figure 5 show 
that the transition from the scanning wetting to main 
wetting path occurred at the void ratios of 1.095 and 
1.020 for paths IJK and CDG, respectively, which 
coincide with a slight increase in the rate of change 
in the degree of saturation with void ratio. The tests 
with paths CDE and BF continually remain on the 
main wetting. Figure 5 shows that the proposed 
model has captured the variation of the degree of 
saturation with volume remarkably well for volu-
metric deformations in both isotropic and deviatoric 
loading paths. 

 

 
Figure 5. Measured and predicted variation of degree of satura-
tion with void ratio at constant suction isotropic and deviatoric 
loading paths on non-expansive clay – data after Sun et al. 
(2007). Arrows show the predicted points of transition from 
scanning to main wetting path 

5 CONCLUSIONS 

A model is presented for predicting the volume 
change dependency of WRC. Unlike previous mod-
els of WRC presented in the literature, the proposed 
model captures the volume change dependency of 
the WRC without introducing additional soil param-
eters. The full WRC hysteretic loop is considered 
enabling the model to capture changes in the degree 
of saturation in unsaturated soils under constant suc-
tion, subjected to mechanical contraction/dilation 
paths. By constantly updating the WRC with void 
ratio and identifying new sample hydraulic states, 
the model is able to predict the complete hydraulic 
path followed by a soil during mechanical loading. 
The proposed model is validated against two sets of 
experimental data from the literature. Remarkable 
agreement is observed between the model simula-
tions and the experimental data showing that the 
proposed model can effectively capture the volume 
change effect on WRC. 
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