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Abstract 
Accurate evaluation of unsaturated soil properties is critical for the design of 
geotechnical and geo-environmental structures such as road pavements, 
foundations, and earth dams. Water retention activity in soils which is used 
to predict the stability or seepage problems in the ground is one of the key 
features in unsaturated soil mechanics. Thus, many experimental works have 
reported on the unsaturated soil properties, and the soil-water characteristic 
curve (SWCC) test has contributed significantly to the interpretation of ma-
tric suction. Since traditional instruments cannot apply stress in SWCC tests, 
some researchers have developed suction controlled triaxial apparatus, by 
which SWCC tests are performed under different stress states. Determination 
of SWCCs under stress conditions similar to those in the field is key for in-
terpretation of the hydro-mechanical behavior of unsaturated soils. This 
study conducted SWCC tests of unsaturated silt soil in low matric suction 
ranges under both drying and wetting conditions. The SWCCs were meas-
ured under one-dimensional and isotropic confining stresses ranging from 50 
to 450 kPa. The micro porous membrane method was used instead of high air 
entry ceramic disk for controlling relatively low matric suction. The range of 
matric suction controlled was from 0 to 20 kPa. The study revealed that the 
measured SWCC in low matric suction ranges seems to be affected by the in-
fluence of stress conditions. Isotropic confining stress caused the void struc-
ture of the specimen to become dense and consequently, soil moisture flow 
movement also decreased. The water retention activity was obviously high, 
and the point regard to air entry value was larger. The study further suggests 
that the current methods adopted for estimating unsaturated soil properties 
require further development to take into account the effect of different stress 
conditions. 
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1. Introduction 

Soils with negative pore pressures are usually referred to as unsaturated soils. 
The voids of these soils are normally filled with both water and air. The Soil 
Water Characteristic Curve (SWCC), which represents the capacity of the soil to 
store and release water when matric suction is applied, is defined as the rela-
tionship between the matric suction and the degree of saturation or gravimetric 
water content for unsaturated soils. In this regard, the SWCC has widely been 
identified as the key soil information required for the analysis of seepage, stabil-
ity and volume change problems involving unsaturated soils. Thus far, SWCC 
tests are conducted to explain matric suction (i.e. the difference between pore air 
pressure and pore water pressure) effort on hydro-mechanical properties for 
unsaturated soils. Conventionally, SWCCs are determined in the laboratory us-
ing a pressure plate apparatus in which vertical or confining stress cannot be ap-
plied [1] [2]. Since traditional instruments cannot apply stress in SWCC tests, 
several researchers have developed suction controlled triaxial apparatus, by 
which SWCC tests are performed under different stress states [3] [4]. A number 
of models/empirical functions have been proposed over the years to describe the 
SWCC as direct measurements are time-consuming and expensive, both in the 
field and laboratory. These models (e.g., Gardner 1958, Brooks and Corey 1964, 
van Genuchten 1980, Williams et al. 1983, and Fredlund and Xing 1994) which 
are in the form of mathematical equations are usually fitted to experimental data 
from the laboratory. To the authors’ knowledge, these empirical expressions 
commonly used to describe the SWCCs rarely adequately capture the effect of 
different stress conditions on SWCCs. Due to the depositional history in the 
field, a soil normally experiences some kind of stress [2] [5] [6]. In addition, the 
shape of the SWCC is dependent on many factors which include soil mineralogy 
and grain size distribution which is also related to the pore size distribution of 
the soil. Stress state, compaction effort, and soil structure are other parameters 
that can have an influence on the shape of the SWCC [7] [8]. Therefore, it is 
important to investigate experimentally the influence of different magnitudes of 
stress on unsaturated soil under low matric suction ranges. Besides, there is quite 
limited information in the literature with experimental data on SWCCs meas-
ured under low matric suction ranges and different stress conditions. The pur-
pose of this study is to present experimental test results of SWCCs determined in 
low matric suction range and under different stress conditions for an unsatu-
rated silt soil. The specific ranges of matric suction considered in this study are 
from 0 to 20 kPa which is also related to most disasters induced due to rainfall in 
the geotechnical engineering practice. 
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In order to approach the target of this research, SWCCs of a silt soil measured 
under one-dimensional and isotropic stress conditions were conducted. The 
SWCCs were actually measured with different stress magnitudes ranging from 
50 to 450 kPa allowing assessment of the influence of different stress conditions. 
The micro porous membrane [9] [10] [11] [12] [13] was used instead of high air 
entry ceramic disk for controlling relatively low matric suction which is one of 
the latest testing methods in SWCC tests. The equilibrium time required for 
SWCC measurements using the micro porous membrane is much shorter than 
that of the high air entry ceramic disks. To this extent, the micro porous mem-
brane was significantly useful in shortening the testing time for the experiments. 
The range of matric suction controlled in this test was from zero to twenty in 
kPa. The results of this research perhaps could be useful in providing relevant 
data for understanding the coupled hydro-mechanical behavior of unsaturated 
silt soil in the geotechnical engineering practice. 

2. Experimental Study 
2.1. Soil Material and Specimens 

The soil material used for the experimental work in this study is Japanese stan-
dard silt commonly known as DL Clay. The soil material is a commercial prod-
uct that is used widely in laboratory tests by many Japanese learning institutions 
and practitioners for research purposes. It was chosen for this study because it 
has a low degree of saturation and is non-plastic. Test specimens were prepared 
using a steel mold and compacted using a static hydraulic compaction apparatus 
as shown in Figure 1. According to the Japanese test methods for compaction, 
JIS (2009a) standard A1210 [14], the results of the standard Proctor compaction 
test indicated a maximum dry density of 1.535 g/cm3 at an optimum water con-
tent of 17%. Figure 2 shows the relationship between water content and dry  

 

 
Figure 1. Setup of static compaction of silt using a steel mold. 
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Figure 2. Compaction curve for silt soil. 
 

Table 1. Properties of silt soil. 

Property Result 

Specific gravity 2.65 

Percentage of sand fraction% 1.00 

Percentage of silt fraction% 87.00 

Percentage of clay fraction% 12.00 

Fine component% 99.00 

Mean grain diameter of silt D50 mm 0.02 

Void ratio 0.726 

Liquid limit% 24.70 

Plastic limit% 22.80 

Plasticity index 1.90 

Unified Soil Classification System ML 

Maximum dry density g/cm3 1.53 

Optimum water content% 17.00 

Note. ML stands for low plastic silt in accordance with the Unified Soil Classification System. 
 

density as compaction curve of the soil. The soil material has a relatively uni-
form grain size distribution and it was classified as low plastic silt according to 
the Unified Soil Classification System. Its index properties such as liquid limit, 
plastic limit, plasticity limit, soil particle density, void ratio, the mean grain di-
ameter of sand (D50) and silt are summarized in Table 1. Statically compacted 
specimens of diameter 50 mm and height 100 mm were prepared for SWCC 
tests in isotropic compression conditions. Additional specimens of diameter 60 
mm and height 65 mm were prepared for SWCC tests in one-dimensional com-
pression conditions. The specimen size for one-dimensional compression test 
was basically governed by oedometer tests for saturated soils. 
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2.2. Apparatus 

The research presented in this paper conducted SWCC tests experimentally us-
ing a modified triaxial apparatus as shown in the setup arrangement in Figure 3. 
The pedestal of the apparatus was modified and fixed with a microporous mem-
brane which had an air entry value of 250 kPa. The membrane filter was satu-
rated separately and immediately fixed by a stainless cover. The apparatus 
mainly comprised the triaxial cell, pedestal, a double glass burette connected to a 
differential pressure transducer, an inner and outer cell, and supply systems for 
cell pressure, pore-water pressure and pore-air pressure. The salient feature of 
this modified triaxial apparatus is that it allowed for the independent con-
trol/measurement of the cell pressure, pore-water pressure, and pore-air pressure. 
A gap sensor installed into the inner cell was used to measure the volume change of 
the soil specimen. The gap sensor essentially measures voltage changes which can 
also be converted to volume changes of the specimen. A differential pressure 
transducer which was attached to the lower portion of the double glass burette was 
also calibrated to directly give a relationship between the voltage and the volume 
of water in the glass burettes. The calibration curve is shown in Figure 4. 

3. Test Methodology 
3.1. Soil Water Characteristic Curve Tests 

The axis translation technique which relies mostly on the unique properties of 
the high air entry ceramic disks has been widely used for the measurement of the 
SWCC in geotechnical engineering practice. However, high air entry ceramic 
disks commonly used in this technique have suffered a lot of disadvantages such 
as the difficulty of saturating the disk, relatively slow response of measuring suc-
tion and consuming too much time for equilibrium conditions to be established 
across the disk [15] [16] [17] [18]. Nishimura, Koseki, Fredlund, and Rahardjo 
introduced the micro porous membrane filter technique as an alternative to the 

 

 
Figure 3. Modified triaxial test setup for SWCC measurements. 
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Figure 4. The relationship between voltage and volume of water in double glass burette. 

 
ceramic disk for the measurement of soil-water characteristic curves. The mem-
brane works on the same principle as the ceramic disk except that the amount of 
time required for establishing suction equilibrium is considerably reduced. The 
application of the membrane filter to the soil-water characteristic curve (SWCC 
tests) has shown that similar SWCCs can be obtained by employing the pressure 
plate apparatuses with either the ceramic disk or the membrane filter installed. 
In this research, SWCCs were conducted using the membrane filter technique by 
performing the tests under a maximum matric suction of 20 kPa. The pedestal 
was fixed with a membrane filter with an air entry value of 250 kPa. The maxi-
mum matric suction of 20 kPa was essentially applied to the membrane filter 
pedestal to avoid air diffusion during the SWCC tests and keeping in mind the 
objective of the research. Further details on the properties of the membrane filter 
are outlined in the recent publication by Wang, Koseki, Nishimura, and Miya-
shita [19]. An initial vertical and confining stress of 50 kPa was applied to the 
soil specimens under both stress conditions. As mentioned earlier, cell pressure, 
pore-air, and pore-water pressures were regulated separately. The net confining 
pressure or stress magnitude applied to the soil specimen remained constant 
throughout each test duration while establishing the desired matric suctions. 
Prior to commencement of the SWCC test, the soil specimens were first satu-
rated through seepage from the bottom and this, in essence, released the initial 
matric suction of the specimens to zero. Drying and wetting paths of SWCC 
were established by gradually increasing and decreasing matric suction. Essen-
tially air pressure in the chamber was regulated in order to establish the desired 
matric suctions. Consequently, to obtain the drying path of the SWCC, matric 
suctions were progressively increased from zero to 20 kPa. Subsequently, the 
wetting process was performed by following the path of decreasing matric suc-
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tion until the final applied matric suction was around zero. During the testing 
process, soil water moved in response to the externally applied suction and this 
accumulated in the double burette with elapsed time. The registered changes in 
the voltage on the differential pressure transducer of the modified triaxial appa-
ratus were eventually translated into changes in the amount of water in the soil 
specimen. When the wetting process of the SWCC test was completed, the water 
content of the soil specimen was measured by oven-drying. The measured water 
content together with soil specimen changes in the amount of water recorded by 
the differential pressure transducer was used to back-calculate the water content 
corresponding to each applied suction value during drying and wetting process 
of the SWCC test. This testing procedure was repeated for each specified stress 
condition on all soil specimens in order to obtain the relationships between wa-
ter content and matric suction described as SWCC for both drying and wetting 
paths until the target of the research was achieved. 

3.2. Isotropic Loading-Unloading Tests 

Several researchers have shown that application of suction changes the stress 
state of the soil. This change in stress state has a significant influence on the 
change in the void ratio of the soil [20]. Thus, it is vital to understand the influ-
ence of stress state on the compression index of the unsaturated silt soil. In this 
research, isotropic tests under both saturated and unsaturated conditions were 
conducted to investigate the compressibility behavior of the silt soil in addition 
to the SWCC tests conducted. Two soil specimens of the same initial void ratio 
were statically compacted and placed in the modified triaxial apparatus. The 
loading and unloading tests in unsaturated conditions were actually performed 
under a constant water content of 17.0% while apparent saturation through see-
page to the bottom of the specimen was applied for saturated conditions. Figure 
5 depicts typical compression curves (e-log σ') obtained for the silt soil specimen 
in both saturated and unsaturated conditions. The evaluated Compression Index 
(Cc) and Swelling Index (Cs) from the plotted compression curves were 0.012 
and 0.005 for unsaturated conditions and 0.011 and 0.006 for saturated condi-
tions respectively. As can be seen from the two plots, the void ratio decreased 
due to the application of confining stress. Perhaps, the stress state has a remark-
able influence on the compressibility of the silt soil. During the loading process, 
confining pressure was gradually increased which inhibited stress development 
causing deformation on the soil specimen. It should be noted that deformation 
of the specimen perhaps occurred due to elastic deformation, volume change 
and slippage in the soil. The compression curves (e-log σ’) further reflect that 
void ratio decreases with the increase of effective stress during compression, 
whereas increases with the decrease of effective stress during unloading. 

3.3. Undrained Triaxial Tests 

In this research study, a series of triaxial compression tests under undrained  
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Figure 5. Compression curves (e-log σ') for both saturated and unsaturated conditions. 

 
conditions were performed particularly to obtain a fundamental understanding 
of the effective stress strength properties (c’ and Ф’) of the silt soil. These prop-
erties are critical to stability related problems in the geotechnical engineering 
practice. This section provides a brief description of the procedure used to test 
the specimens and provides an analysis of the obtained results. Silt soil speci-
mens of diameter 50 mm and height 100 mm were prepared through static 
compaction using a steel mold and placed on the modified triaxial apparatus. 
Apparent saturation through seepage to the bottom of the specimens was then 
applied for each specimen. The duration of saturation for the specimens de-
pended so much on how dense the specimens were and the confining stress ap-
plied. Usually, all specimens tested at high confining stress took a long time to 
attain apparent saturation. Shearing of the soil specimens at a strain rate of 
0.013% per minute with varying confining pressures were then performed. The 
shearing was immediately terminated when the axial strain was about 20%. 

During the shearing tests, pore water pressure was being generated according 
to the amount of confinement pressure applied. The data sets for the pore-water 
pressure phenomena are as shown in Figure 6 while the obtained stress-strain 
curves and effective mean stress paths of the saturated specimens are indicated 
in Figure 7 and Figure 8, respectively. 

The stress-strain curves demonstrate typical behavior for saturated soil under 
triaxial testing. It can be seen that the deviator stresses increased with strain at 
different confining pressure conditions [21]. Each specimen reached residual 
conditions at which the deviator stresses became constant. Figure 7 also shows 
that, when confining pressure was increased, the soil stiffness, peak strength, and 
brittleness also increased. Therefore, a considerable increase in confinement 
pressure inhibited a large amount of shear in each soil specimen. 
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Figure 6. Excess pore-water pressure generation for unsaturated silt soil. 

 

 

Figure 7. Stress-strain curves at different confining pressures. 
 

All the eight specimens failed by bulging, without any distinct shear planes. 
The angle of internal friction was evaluated from the tangent of the failure 
envelope of the silt soil as shown in Figure 8. The calculated angle of internal 
friction was 33.40 degrees and cohesion was zero at peak failure and critical state 
conditions and the slopes of the critical state lines, M = 1.3, respectively. Overall, 
the experimental results obtained for triaxial tests show that the deviator stress 
and effective mean stress of the specimens significantly increase according to the 
increase in confining pressure. 
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Figure 8. Effective mean stress path curves. 

4. Results and Discussions 

The experimental data describing the soil water characteristic curves in low suc-
tion ranges and under net confining stresses of 50 kPa, 150 kPa, and 450 kPa are 
presented in Figures 9-11, respectively. The data points in the figures basically 
represent the increments of matric suction with corresponding measurements of 
water content, the degree of saturation and the void ratio of the soil specimens. 
The results obtained may indicate that the influence of stress conditions have an 
effect on the shape of soil water characteristic curves. 

The relationship between suction and water content of the specimens as 
shown in Figure 9 shows that the water content obtained under varying iso-
tropic stress conditions decreased with increase in net confining pressure. This 
was observed when matric suction was less than 6 kPa in the drying process. 
Thereafter, the water content attained equilibrium conditions for all isotropic 
stress conditions at which there was no significant change in water content as 
suction increased. This unique relationship was apparently observed to be al-
most identical for all the soil water characteristic curves conducted under these 
stress conditions. It seems that this variation in water content could be related to 
the micro and macro structure of the soil specimen. When the suction is greater 
than 6 kPa, the quantity of free water existing inside the inter-aggregate pores of 
the soil specimen is reduced. This change in the water volume could be related 
to the variation of the water content in the inter-aggregate (i.e. pores between 
particle aggregates) and intra-aggregate pores (i.e. pores inside aggregates) of the 
soil specimen. Delage and Lefebvre in their research indicated that the size of the 
inter-aggregate pores is larger than that of the intra-aggregate pores. This, 
therefore, may imply that from 0 - 6 kPa suction application, pore water was in-
itially drained from the inter-aggregate pores of the silt soil until equilibrium 
conditions were attained. On the other hand, matric suction between 6 - 20 kPa  
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Figure 9. Suction vs. water content of silt soil with different magnitudes of net confining 
stresses. 

 

 
Figure 10. Suction vs. degree of saturation of silt soil with different magnitudes of net 
confining stresses. 

 
was required to free water from the intra-aggregate pores of the silt soil although 
the change in water content was minimal as evidenced in Figure 9. 

The SWCCs further shows that the water content decreased with increasing 
net confining stress and this was more evident when suction was less than 6 kPa. 
The drying and wetting branches of SWCC further showed less hysteresis when 
suction was less than 6 kPa and thereafter no hysteresis was observed. The rela-
tionship between matric suction application and degree of saturation is as shown 
in Figure 10. There was certainly an increase in the degree of saturation as matric 
suction was applied during the drying process. The SWCCs obtained behaved  
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Figure 11. Suction vs. void ratio of silt soil with different magnitudes of net confining 
stresses. 

 
almost identical as evidenced by the similar shape of each curve under different 
stress conditions. This could be related to the fact that the change in the void ra-
tio of the specimen as evidenced in Figure 5 was practically negligible. However, 
this small change in the void ratio may have an effect on the degree of saturation 
of the specimens. For instance, in Figure 11, a small decrease in void ratio was 
observed when net confining pressure was increased for all specimens in both 
drying and wetting paths. Although this change in void ratio was almost negligi-
ble, it was observed to have an effect on the degree of saturation of the speci-
mens. With the increase in net confining pressure, small changes in void ratio 
were noticed which essentially induced changes in the degree of saturation of the 
specimens. Since most of the testing was conducted under isotropic stress condi-
tions, it is supposed that all soil specimens experienced equal deformations in all 
directions when subjected to an equal all around isotropic pressure. Therefore, 
the increase in the degree of saturation recorded for the specimens as can be 
seen in Figure 10 seem to have been induced by lateral pressure and changes in 
void ratio. Lateral pressure on isotropic compression condition is probably larg-
er than that on one-dimensional condition. This may also have induced high re-
tention activities in the soil specimens and consequently a reduction in the hy-
draulic conductivity. As net confining pressure was increased, isotropic com-
pression may have caused the specimens to become dense in void structure and 
thereby decreasing soil moisture flow movement. 

5. Prediction of Model Parameters 

Several researchers have proposed various forms of mathematically defined 
SWCC models to characterize the soil water characteristic curve. In this context, 
the van Genuchten (1980) and the Fredlund and Xing (1994) models probably 
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remain the most common mathematical concept among researchers and prac-
ticing engineers which have been widely adopted in both geotechnical and agri-
cultural related fields [22]. In this research, an attempt was made to derive the 
parameters of the soil water characteristic curves obtained under different stress 
conditions using the two mentioned mathematical models. Firstly, the adopted 
model equations are reviewed in Table 2 as follows.  

In order to predict the curve fitting parameters of the above models, the 
SWCCs measured under 50, 150 and 450 kPa stress conditions in the drying 
paths are reproduced and presented in Figure 12 for demonstration purposes. 
To obtain a closer fit to the experimental data, the fitting parameters a, n and m 
were determined using the nonlinear least-square analysis tool called Solver pro-
vided in Microsoft Excel add-in program. This tab in Excel enables estimation of 
fitting parameters provided the baseline data such as volumetric water content 
or degree of saturation and matric suction are available. The idea was to deter-
mine the model parameters such that the mathematical function or model passes 
as close as possible to the experimental data points without necessarily going  

 
Table 2. Empirical models of SWCC. 

Model name Mathematical equation 

van Genuchten (1980) ( )( )
1

1 ψ
mr n

S
a

=
+

 

Fredlund and Xing (1994) 

1

ψIn e

mr
n

S

a

=
    +        

 

Note. Where Sr is the degree of saturation, ψ is the soil suction, a is the curve fitting parameter related to the 
air-entry value of the soil, n is the curve fitting parameter related to the pore size distribution of the soil and 
the m parameter is related to the asymmetry of the model. 

 

 

Figure 12. Suction vs. degree of saturation of silt soil with different magnitudes of net 
confining stresses in the drying portion. 
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through any of the points. In order to achieve this objective, the sum of the 
squared deviations of the experimental data sets from the calculated data using 
the suggested model equations was minimized with respect to the three parame-
ters a, n and m. In this regard, the solver tab target was optimized to give the 
minimum root mean square error (RMSE) and the maximum correlation coeffi-
cient (R2) for the data. The RMSE is basically a measure of the overall error of 
the evaluated mathematical model, with an obtained value closer to zero symbo-
lizing a good fit for the data. The R2, on the other hand, is an indicator of the 
quality of fit. It is a measure of the correspondence between the experimental 
and the mathematical model data. Therefore, an R2 with a value closer to 1 
simply indicates that the experimental and fitted data sets are as good as the 
shape of the mathematical model. 

The values of the RMSE and R2 were computed using the following expres-
sions; 

( )1RMSE SEE
K

 =  
 

                     (1) 

where SEE is the least-squares error of the fit and was defined as follows, 
2

1
SEE

i i

K
exp fit
r r

i
S S

=

 = − ∑                      (2) 

and 1,2, ,i k= 
; k is the number of soil water characteristic curve data sets for 

the silt soil, Sr is the degree of saturation corresponding to the i data pair for the 
soil and exp and fit denote the experimental and fitted values of the model. 

Following the above procedure, silt soil fitting parameters required for mod-
eling both the van Genuchten (1980) and the Fredlund and Xing (1994) models 
were determined and these are presented in Table 3. On the other hand, Figure 13 
shows the best-fit curve of the soil water characteristic curve to the experimental 
data obtained for the silt soil under different stress conditions. The figure clearly 
shows that all the mathematical models gave relatively realistic fits with the ex-
perimental data sets. The difference between the experimental data and fitted 
SWCCs exhibited considerably minimal deviations. Both fitted curve models 
produced almost identical curves and showed much closeness to each other. 
Therefore, the obtained results seem to indicate that both models can perform 
better in terms of the best for fit for this particular silt soil. On the other hand,  

 
Table 3. Model parameter values for silt soil. 

 
Mathematical model name 

Model parameters 
RMSE R2 

a n m 

van Genuchten (1980) 0.00 0.38 1.32 0.65 0.99 

Fredlund and Xing (1994) 2.47 0.55 0.08 0.69 0.99 

Note. a, n and m are model fitting parameters of the soil water characteristic curve for unsaturated silt soil. 
RMSE is the root mean squared error or a measure of how well the two models performed with experimen-
tal data and R2 is the correlation coefficient or a relative measure of fit between the experimental and model 
data sets. 
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Figure 13. Best-fit curves to experimental data of silt soil using van Genuchten (1980) 
and Fredlund and Xing (1994) models. 

 
the RMSE values shown in Table 3 clearly show that the models are closely as-
sociated with the experimental data. The fitting errors for both models are 
smaller and therefore most suitable in describing the experimental data for the 
SWCC of this particular silt soil. 

More so, the obtained values of the R2 (0.99) for both models clearly indicate 
that the fitted values and the experimental data sets are nearly located around 
the line of perfect agreement. 

6. Conclusions 

This study utilized the microporous membrane filter technique for the mea-
surement of Soil Water Characteristic Curves (SWCCs) in low suction ranges 
and under different stress conditions for an unsaturated silt soil. The SWCCs 
were measured under one-dimensional and isotropic stress conditions with 
stresses of 50, 150 and 450 kPa, respectively. An attempt was made to curve fit 
the experimental data with two most widely accepted models in the geotechnical 
engineering practice. The summary of conclusions which are drawn from this 
study includes; 

1) Different stress conditions have an effect on the shape of SWCCs in low 
matric suction ranges. Lateral pressure on isotropic compression causes the spe-
cimens to become dense in void structure thereby causing high retention activi-
ties and a decrease in soil moisture flow movement in the soil specimens. 

2) The SWCCs revealed that an increase in the net confining pressure de-
creased the void ratio and consequently increased the degree of saturation of the 
soil specimens. Thus, different stress conditions have an effect on measured 
SWCCs. 

3) There were considerably minimal deviations in the correspondence be-
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tween the measured SWCCs under low suction ranges and different stress con-
ditions and the fitted SWCCs. Both mathematical models of the van Genuchten 
(1980) and the Fredlund and Xing (1994) gave relatively realistic fits with the 
experimental data though they required further modifications to take into full 
account the effect of different stress conditions. 

One of the limitations to this study is the state of stress considered in the ex-
perimental work (i.e., one-dimensional and isotropic stress conditions) for the 
soil specimens. In nature, most soils are anisotropic due to the modes of deposi-
tion or as a result of subsequent changes caused by various stresses acting on 
them [23]. However, the anisotropic phase of triaxial tests is not only time con-
suming but expensive as well. These tests require special testing equipment. The 
testing conducted in the present study was sufficient to approach the target of 
this research. 
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