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1 INTRODUCTION 

The effective stress variable (σ - uw) since 1930 has 
led to a fundamental concept of the behavior of satu-
rated soils (Terzaghi 1936). The generalization of ef-
fective stress relations for unsaturated soils was first 
investigated by Jennings and Borland (Jennings and 
Burland 1962). To describe the stress-strain behavior 
of unsaturated soils, the variables of soil parameters 
should be separate. Considering an equation for ef-
fective stress causes some problems that researchers 
(Atchison and Donald 1956; Bishop and Donald 
1961; Coleman 1962; Matyas and Radhakrishna 
1968; Fredlund and Morgenstern 1977) have taken 
to accept two effective stress fields. One of the 
methods for modeling the strain-strain behavior of 
saturated soils, which was previously carried out by 
researchers (Duncan and Chang 1970), is the hyper-
bolic model. Habibagahi and Mokhberi (1998) used 
a hyperbolic model to express the relationship be-
tween the volumetric modulus of unsaturated soils. 

One of the most commonly used laboratory tools 
to study the mechanical behavior of a soil due to 
stresses is triaxial test. The main differences in the 
triaxial unsaturated systems to conventional triaxial 
devices, the existence of a cavity air phase in the soil 
sample, which involves thinking about special 
measures in the machine to measure various soil pa-
rameters (including volume change and soil matrix 
suction). Extensive studies have been conducted on 
unsaturated soils in different experiments to investi-
gate their shear resistance behavior in the last 30 

years. In these experiments, the air and water pres-
sure tests were independently controlled or meas-
ured. To distinguish between two phases of weather, 
weather pressures controls by using porous ceramic 
discs. If suction in the soil is higher than atmospher-
ic pressure, then the axial displacement method is 
using for control of air pressure.  

In the early 1960s, Bishop and Donald (1961) 
used triaxial triple cells to develop triaxial test to 
perform tests under different conditions on unsatu-
rated soils. In the early 1970s, Fredlund and Mor-
genstern (1977) studied the behavior of shear 
strength of unsaturated soils based on two variables 
of matrix suction stress (ua − uw) and total confining 
stress ( − ua), and based on the results of their stud-
ies, variables of stress state for expressing shear fail-
ure in unsaturated soils given on equation 1. 

 

    b

waa uuuc  tan'tan'   (1) 

 
where c’ = effective cohesion; ’ = effective friction 
angle associated with net stress ( – ua); b = friction 
angle associated with a change in suction (ua – uw). 

Shear failure in unsaturated soils in special verti-
cal stresses, shear stress and suction are shown in 
Figure 1. This envelope is obtained by drawing lines 
of tangent on Mohr-coulomb circles in various ma-
trix suction values. The shape of the cover can be a 
curve or a page, which, according to the relationship, 
will be the shape of a single-page failure. This page 
is characterized by the parameters b, ’ and c’ in 
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three-dimensional space. The effect of vertical ten-
sile stresses and suction on shear strength of unsatu-
rated soils is different, and for this purpose, two pa-
rameters b and ’ are used to express their effect. 
According to the results of various experiments, the 
value of b is always smaller than or equal to ’. 

 
Figure 1. Mohr-Coulomb shear envelope in unsaturated soils  

 
In this paper, we present the results of a study on 

the mechanical behavior of an unsaturated clay soil. 
This study was carried out using an unsaturated tri-
axial test. This device is designed and constructed in 
Islamic Azad University of Estahban and it can be 
used to control or measure the matrix suction in dif-
ferent stages of the experiment. The studied soil has 
been tested in two completely saturated and unsatu-
rated states. Triaxial saturation tests were performed 
in 2 drained (CD) and undrained modes.  

2 UNSATURATED TRIAXIAL DEVICE  

The triaxial cell made from polyacrylic can with-
stand pressure up to 1700 kPa. This cell has four 
outputs, the two outputs are connected to the pres-
sure and post-pressure system, and the third output is 
to measure the pore pressure and the fourth output to 
remove air from the pore water path. This cell is 
made for saturated testing. This cell is designed to 
conduct the tests. In the new cell 6 routes are provid-
ed. The diameter of the test specimens is 10 and 
their height is 30 cm. The standard triaxial testing 
has 4 input / output ducts. This base is not suitable 
for unsaturated testing. As Figure 2, the base is mod-
ified and made. As seen in the figure, the base ped-
estal is divided into two parts. A large circle with a 
diameter of 69 mm and a height of 7 mm is designed 
for the installation of a ceramic disc and a loop of 9 
and a height of 7 mm for the installation of porous 
stone. Ceramic and porous stone is separated from 
the wall by a thickness of 2 mm. Under the ceramic 
disk, there are spiral grooves for water flow. The spi-
ral is designed to have the highest area of ceramic 
discs. The ceramic rock's duty is to transport water 
without air to the sample and control the soil suc-

tion. The spiral is connected to the two input and 
output ducts. One is to the de-aired water tank, the 
pressure regulator, the pressure transducer, and the 
volume converter, and the other is connected to the 
discharging tank for submerged air and water jetting. 
At the site of the porous stone, a borehole for water 
flow is also designed. This groove is connected to 
two inlets and outlets. In the suction phase, the in-
puts of the regulator and the pore air pressure trans-
ducer are connected the phase of consolidation and 
cutting to the pressure sensor and the drainage reser-
voir. The other two inputs are designed for pore air 
pressure on the sample and confining pressure. 
Round pressure regulator, confining pressure trans-
ducer and connected volume conversion converter. 
The pore air pressure input is connected to the pore 
air pressure regulator and the pore air pressure con-
verter. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2. Unsaturated triaxial device 

3 TEST SOIL 

The soil was tested in a region called tang sorkh in 
Fars province in Iran. Table 1 lists the characteristics 
and parameters of this soil. This soil is evaluated ac-
cording to the unified classification method of soil 
type CL-ML. To prepare the samples, the soil should 
be wetted with the desired moisture content. 
 
 
 
 
 
 
 
 
 
 



Table 1. Test soil property 

Index property  

Granulation distribution  
Silt ( % )  66 

Sand (%)  
           

9 
Clay (%)  25 

 
Unit Weight (Kn/m3) 2.76 
Shrinkage limit (%) 14 
Plastic limit (%) 15 
Liquid limit (%) 35 

Standard density test ASTM D698   
wopt (%) 19 
(γd) max kn/m3  16.5 

Unified soil classification system (USCS) CL-ML 

4 SAMPLE PREPARATION 

The soil sample used in this study is a height of 300 
mm and a diameter of 100 mm. The static density 
method has been used to construct the samples. In 
this method, the density of energy is introduced by 
compressing the soil into a specific volume com-
partment. The static compaction device is required 
and the soil specimens compacted by it. After mak-
ing the specimen, the rest of the wet soil is poured in 
a sealed plastic bag and sealed in a wet container. 

5 TEST METHOD AND RESULTS 

Unsaturated test is performed in two phases. In the 
first phase, the soil sample with the percentage of 
water content of 12, 14, 16, 18 and 20 is subjected to 
50, 100 and 150 kPa suction, and in the second 
phase the drainage (volume change) is given. The 
sample is then subjected to diversion to a rupture. 
For each of the test water content, 3 samples are pre-
pared. The matrix suction in the soil is the result of 
the difference in the pore pressure. For application of 
test suction, the axial displacement method was used 
for the sample. To apply 50 kPa suction to the sam-
ple, 50 kPa pore water pressure is applied to the ce-
ramic disk and 100 kPa pore pressure up and down 
the sample to porous rocks. At this stage, the drain-
age valves are closed under the ceramic disc and po-
rous stone. Confining pressure is equal to the pres-
sure of the air inlet to the specimen so that the 
specimen does not solidify at the suction stage under 
the pressure of the pore air. For suctions of 100 and 
150 kPa, the pore pressure of 100 and 150 kPa and 
the pressure of the air and the total pressure of 200 
and 300 kPa are applied to the specimen. The inlet 
and outlet water is measured by a volume changer 
under a ceramic disc. The suction phase ends when 
the pore volume change is stoped. In other words, 
the volume converter of the pore volume does not 
change. 

After the suction stage, the upper and lower po-
rous air pressure valves are closed and the valve for 
emptying the porous stone opens for sample drain-
age. The specimen is consolidated with the same 
tension throughout the suction stage. The process of 
consolidation in unsaturated soil is carried out by 
simultaneous drainage of the weather. To control the 
volume of drainage water (change in sample size), 
the input and output water is measured by the vol-
ume converter. From the drainage and consolidation 
of the sample, the axial force applied is activated and 
the sample is loaded at 0.5 mm / min under axial 
loading. 

The test results are shown in Figures 3 to 5. As 
seen, the higher percentage of initial water content is 
less, the specimen has a more hygienic behavior and 
the amount of primary matrix rigidity and suction 
and the amount of shear strength reduction of the 
sample when wetting is greater. 

 
 
 

 
 
 
 
 
 
 
 

 
 
Figure 3. Deviatoric stress variation to axial strain for different 

water content at 50 kPa suction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4. Deviatoric stress variation to axial strain for different 

water content at 100 kPa suction 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 
 
Figure 5. Deviatoric stress variation to axial strain for different 
water content at 150 kPa suction 

 

The change in the total volume of the soil sample 
is equal to the total volume change in the suction 
phase and the volume change in the consolidation 
phase. Volume variation curves decrease with in-
creasing water content with constant slope. It can be 
concluded that the amount of the final strain of the 
soil in a condition where the stress-strain curvature 
is asymptomatic (critical state) has a constant value 
and is not a function of water content, but the value 
of the initial volume bulk module of the soil varies 
with the initial water content of the soil. The amount 
of suction is a function of soil water content. So the 
function of the initial volumetric modulus is a func-
tion of suction and soil water content. The general 
relationship of soil sample variation can be ex-
pressed as follows. 

 

)   - u) + f (uuv= f (p - waa  (2) 

 
  Multi variable Regression assists a relationship to 
express the relationship between matrix suction and 
volume change. This relation can be expressed as the 
following function. 

 

 )    - u( u . ) = - - uf ( u wawa ln0530  (3) 

 
It is possible to calculate the relationship between 

sample volume variations under special tensile 
stresses. In order to calculate this parameter in the 
soil of the research, the χ coefficients have been 
plotted against confining stress variations. The best 
fit curve on this graph is a curve with exponential re-
lation. By increasing the total stress (consolidation), 
the parameter χ decreases due to the decrease in suc-
tion during sample variation. this can conclude from 
the above relations. 
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  (4) 

By assuming homogeneity of the soil material, the 
volume modulus is expressed as follows. 

 

v ))  - ( dv=  E/( = dσBt 213/  (5) 

 
combine relations 4 and 5. 
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As be seen, equation 6 shows the deformation 
stress (deviation stress q) relative to the specific ver-
tical stress (p) and matrix suction changes (S). 

6 CONCLUSION 

In this paper, the relationship between stress and 
strain in unsaturated soil is described in the form of 
an evolutionary relationship in which the tangential 
volumetric modulus and the tangential shear modu-
lus are considered as the main soil variables. For the 
tangential volumetric modulus of soil in terms of 
changes in water content and other variables are de-
scribed by past researchers. For shear modulus, un-
saturated soils are presented in terms of water con-
tent variations and other variables. When increasing 
the water content in the unsaturated soils, the shear 
strength changes, and a relative change is obtained. 
The proposed model was obtained using the results 
of triaxial tests performed on unsaturated soil sam-
ples. To perform these experiments, a triaxial cage 
has been constructed that can test unsaturated soils 
and measure the variables associated with unsaturat-
ed soils during the test. an equation for estimating 
the deformation stress (deviation stress q) relative to 
the specific vertical stress (p) and matrix suction 
changes (S) parameters was calculated. 
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