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Abstract 

Stress state variables describe the state of equilibrium of 

a system. When one or more stress state variables are 

changed, the system will change in response to establish 

the new equilibrium state. Hence, stress state variables 

are the building blocks of a constitutive relation. In the 

development of unsaturated soil mechanics, major 

advances were made possible through the correct 

identification of the stress state variables. In this paper, 

the current understanding of stress state variables for 

unsaturated soils is reviewed. Attempts have been made 

to use a single stress state variable in term of an 

equivalent effective stress for unsaturated soils. The 

major consensus is for the use of two stress state 

variables in terms of net normal stress and matric suction 

when developing constitutive relationships for 

unsaturated soils. It has been suggested lately that more 

than two stress state variables are needed to fully 

describe the full range of constitutive behaviour of 

unsaturated soils and that matric suction be replaced 

with a suction stress. These are interesting developments 

that should be explored in future study and research.        

Keywords: stress state variable, unsaturated soil, effective 

stress, net normal stress, matric suction, suction stress. 

1 Introduction 

Soil mechanics have successfully applied continuum 
mechanics to describe the response of soil to external 
stimuli of force and displacement. The physical 
difference between a soil and a continuum is obvious. 
A soil is a multiphase system. In a saturated soil, the 
two phases are the soil solid and the fluid usually 
water. In an unsaturated soil, three phases exist: soil 
solids, water and air. Although it has been put forth 
that a fourth phase, the air-water interface termed as 
the contractile skin, exists (Fredlund and Morgenstern, 
1977), the volume of the contractile skin is small. In 

terms of volume-mass relations for an unsaturated soil, 
the contractile skin can be neglected and its mass can 
be considered as part of the mass of water (Fredlund 
and Rahardjo, 1993; Fredlund et al., 2012). Although 
the concept of the fourth phase seems intuitive for 
stress analysis of an unsaturated soil, no explicit 
consideration of the fourth phase in constitutive 
equations has been found. 

The objective of this paper is to examine the stress 
state variables used to describe the behaviour of 
unsaturated soils. More specifically, this paper review 
the current understanding of stress state variables for 
unsaturated soils and evaluates the need for an 
equivalent effective stress for unsaturated soils by 
examining various forms of shear strength equations 
for unsaturated soils. 

2 Effective stress for unsaturated soils 

The concept of effective stress for saturated soils as 
explained by Terzaghi (1936) is: “The stresses in any 
point of a section through a mass of soil can be 
computed from the total principal stresses, 1, 2, 3, 
which act at this point. If the voids of the soil are filled 
with water under a stress, uw, the total principal stresses 
consist of two parts. One part, uw, acts in the water and 
in the solid in every direction with equal intensity. It is 
called the neutral pressure. The balance 1’ = 1-uw,   
2’ = 2-uw, 3’ = 3-uw represent an excess over the 
neutral stress, uw, and has its seat exclusively in the 
solid phase of the soil. All the measurable effects of a 
change in shearing resistance are exclusively due to 
changes in the effective stress, 1’, 2’, 3’.” The 
definition of effective stress by Terzaghi (1936) 
qualifies it as a stress state variable as defined in 
continuum mechanics and thermodynamic references.  

A stress state variable is a nonmaterial variable 
required to characterise the stress condition (Fredlund 
and Rahardjo, 1993; Fredlund et al., 2012). The 
effective stress as a stress state variable has proved 
pivotal in the development of saturated soil mechanics. 

Various expressions of effective stress for unsaturated 
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soils have been proposed (Nuth and Laloui, 2008). 
These forms are summarised in Table 1. The form of 
effective stress for unsaturated soils suggested by 
Croney et al. (1958) is equivalent to the form suggested 
by Bishop if pore-air pressure is atmospheric pressure 
(i.e. ua = 0 kPa). The inclusion of solute suction or 
osmotic suction by Richards (1966) and Aitchison 
(1965, 1973) warrants further explanation. Soil suction 
or total suction consists of mainly two components: 
matric suction (ua - uw) and osmotic suction () (Krahn 
and Fredlund, 1972). Matric suction can be measured 
directly by measuring the negative pore-water pressure 
uw using for example, a tensiometer (e.g., He et al. 
2004). Osmotic suction which is attributed to the 
presence of dissolved salt in the pore water cannot be 
measured directly, it can be inferred by measuring the 
salt concentration of the pore water or by measuring 
the total suction and matric suction (e.g., Leong et al. 
2003).  

The effect of matric suction on shear strength of 
unsaturated soils has been observed in laboratory 
element tests (e.g., Bishop et al., 1960; Bishop and 
Blight, 1963; Escario and Saez, 1986; Rahardjo et al., 
2004; Nyunt et al., 2011.). However, the effect of 
osmotic suction on shear strength of unsaturated soils 
has not been positively observed. Tang et al. (1997) 
observed that shear strength decreases slightly as 
osmotic suction increases while Katte and Blight 
(2012) did not observed any effect of osmotic suction 
on shear strength. The salt concentration in the pore 
water influences the osmotic suction through its 
influence of the diffuse double layer around clay 
particles (Fredlund and Rahardjo, 1993; Fredlund et al., 
2012). Thyagaraj and Salini (2015) provided 
experimental evidence of the influence of osmotic 
suction on the double diffuse layer in expansive clay 
soils. It was concluded by Tang et al. (1997) that total 
suction cannot be as a stress state variable for 
unsaturated soils. Two reasons were provided in 
Fredlund and Rahardjo (1993) for not including 
osmotic suction in geotechnical engineering problems: 
(1) The total suction and matric suction curves are 
almost congruent. Therefore, a change in total suction 
is equivalent to a change in matric suction; and (2) 
Laboratory test results have already accounted for the 
changes in osmotic suction if the changes occurring in 
the field are simulated in the laboratory test. Hence 
from Table 1, the common form of effective stress that 
has been suggested for unsaturated soils can be taken 
as the form suggested by Bishop (1959).   

3 Shear strength of unsaturated soils 

Shear strength of soils is a constitutive relation. It is a 
single-valued equation that expresses the relationship 
between state variables. In more complex models such 

as the Barcelona Basic Model (Alonso et al., 1990) or 
SFG model (Sheng et al., 2008), the model formulation 
maintains the separation of stress state variables and 
constitutive behaviour. The most likely reason for 
separation of stress state variables and constitutive 
behaviour in these models is that more than one 
constitutive relation is present and using two stress 
state variables provided more flexibility in the 
formulation of the constitutive relationships. The 
problem with the effective stress for unsaturated soils 
is that it needs a different form of effective stress for 
shear strength and volume change constitutive relations 
and thus it is easier to separate the stress state variables 
(Fredlund, 2015).  

Table 1. Effective stress for unsaturated soils 

Reference Effective stress Notations 
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al. (1958) 
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The major controversy in effective stress for 
unsaturated soils arises especially when only one 
constitutive relationship is examined. Sometimes this is 
due to the misunderstanding of the definition of stress 
state variable coupled with the form of the constitutive 
relationship. This is illustrated by a review of the shear 
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strength equations that have been proposed for 
unsaturated soils as summarised in Table 2. The shear 
strength equation should be valid for the full range of 
saturation, i.e., from dry to full saturation. All of the 
shear strength equations in Table 2 satisfies this 
condition and reverts to the shear strength equation for 
saturated soils, i.e. 

  'tan''c'tanu'c w 
 (1) 

All the shear strength equations in Figure 2 can also be 
easily re-cast into the form of Bishop and Blight (1961) 
shear strength equation: 

     'tanuuu'c waa   (2) 

where  is the Bishop’s effective stress parameter. The 
equivalent forms of for the shear strength equations 
are shown in Table 3.  From Table 3, it can be 
observed that can be expressed in terms of 
volumetric water content, degree of saturation, matric 
suction and shear strength parameters. The various 
forms suggest that is not unique for different soil 
types. A fact that has been well established by 
experimental evidence as shown in Figure 1. 

 

4 Stress State Variables for Unsaturated Soils 

Fredlund and Morgenstern (1977) put forth the 
theoretical basis for independent stress state variables 
for unsaturated soils based on a continuum mechanics 
approach. They further provided combinations of stress 
variables that can be used to define the state variables. 
The three possible combinations of stress state 
variables are ( – ua), ( – uw) and (ua – uw).  Only two 
combinations of stress state variables are needed to 
describe the constitutive relations of unsaturated soils. 
The most convenient combinations for engineering 
practice are net normal stress ( – ua) and matric 
suction (ua – uw). 

The justification for these stress state variables have 
been repeatedly evaluated by others. Zhang and Lytton 
(2006) showed that three stress state variables, ( – ua), 
(ua – uw) and ua are needed if the pore-air pressure 
influence on volume change is not negligible. Lu 
(2008) demonstrated that matric suction is definitely 
not a stress variable but could be a stress state variable 
by using “universally accepted concepts of mechanical 
equilibrium, stress definition on an REV, and physical 
and logical reasoning”. However, there is an 
interdependency between net normal stress and matric 
suction, and other stress state variables may be  

Table 2. Shear strength equations for unsaturated soils 

Reference Shear Strength 
Equation 
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Figure 1. Effective stress parameter  versus degree of 

saturation (from Zerhouni 1991). 

 

Table 3. Equivalent  for shear strength equations listed 

in Table 2 

Reference 
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necessary to describe the full behaviour of unsaturated 
soils. 

The general consensus is that the stress state variables 
of net normal stress ( – ua) and matric suction (ua – 
uw) are needed to describe the behaviour of unsaturated 
soils. However, additional stress state variables are 

needed to describe the complete constitutive behaviour 
of unsaturated soils. The roles of these additional stress 
state variables have not been clearly demonstrated 
through experiments or observations in the field.  

Currently, the most contentious stress state variable is 
matric suction (ua – uw). Matric suction is due to the 
pore water that exists in meniscus form between soil 
particles. As a soil dries, the pore water may exists in 
insular air saturation, fuzzy saturation and pendular 
saturation as illustrated in Figure 2 (Kohgo et al. 1993). 
Considering that the arrangement of the pore water and 
the associated menisci in an unsaturated soil is 
dependent on the particle shape, size, arrangement, 
pore water chemistry and particle surface properties, 
the effect of matric suction on constitutive behaviour of 
soil is non-uniform and non-homogeneous. There have 
been attempts to account for the non-uniform and non-
homogeneous action of matric suction through the use 
of a suction stress as a stress state variable instead of 
matric suction (e.g., Karube et al., 1996; Lu and Likos, 
2006). The use of suction stress has been shown to 
work well for shear strength behaviour of unsaturated 
soils (e.g. Lu and Likos, 2006; Kim et al., 2010) but it 
remains to be fully validated for other constitutive 
relationships. 

 

 

Figure 2. Possible saturation conditions in real soils (from 

Kohgo et al., 1993) 

 

5 Conclusion 

In the study of unsaturated soil mechanics, attempts 
have been made to use a single stress state variable to 
describe the constitutive relationships of soils. Limited 
success of using a single stress state variable was 
achieved with some soils. Generally, it is more well 
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accepted that two stress state variables, net normal 
stress and matric suction, be used to describe the 
constitutive behaviour of unsaturated soils. Many 
element tests have been conducted where these two 
stress state variables were applied or measured. More 
advanced constitutive models have been developed 
using these two stress state variables and have been 
demonstrated to be able to describe more complete 
unsaturated soil behaviour. In recent years, it has been 
suggested that more than two stress state variables may 
be needed to describe all constitutive behaviour of 
unsaturated soils. It has also been suggested that the 
stress state variable, matric suction, be replaced with 
suction stress instead. More study and research are 
needed to investigate these suggestions. 
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