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1 INTRODUCTION 

For many geotechnical structures, the soils are in 
an unsaturated state, such as road embankment, nat-
ural and/or man-made slopes. The engineering prop-
erties of an unsaturated soil depend on its soil-water 
characteristic curve (SWCC). While, obtaining an 
SWCC directly from each soil is expensive, time-
consuming and impractical. One of the parameters 
controlling the shape of SWCC is air-entry value 
(AEV) of the soil. Soil-water content decreases dras-
tically after soil suction reaches AEV. It can be said 
that AEV is the suction value dividing states of the 
soil from saturated to unsaturated state. AEV can be 
determined from SWCC (Vanapalli et al. 1998) or 
by a predictive approach which usually relates soil 
pores to soil suction with the capillary theory (Fred-
lund et al. 2002). In the predictive approach, the de-
vious soil pores are assumed as a capillary tube, 
which is unrealistic. 
 

 
Saturated permeability (ksat) is a parameter that 

represents porosity of soil and tortuosity of soil pore 
network, while AEV is influenced/controlled by the 
largest pore in the soil matrix (Fredlund and Xing 
1994). Therefore, these two parameters are poten-
tially correlated. In this study, the linkage between 

ksat and AEV of several types of soil and ceramic 
disks is investigated. Then empirical equations are 
proposed. 

2 LABORATORY TESTS FOR SWCC AND 
SATURATED PERMEABILITY 

2.1 Soils and basic properties 

In this study, sand finer than 2 mm, was mixed with 
Ariake clay with different proportion in order to 
generate variety in soil samples. Five sets of soil 
sample were made and their basic properties are 
summarized in Table 1.  

2.2 SWCC test 

To obtain SWCC, in this study, the axis-translation 
technique which has a ceramic disk as a core to sep-
arate air phrase from water phrase, therefore gener-
ate suction, was employed. This test has been    

designed to retrieve the first (primary) drying path 
SWCC and therefore sample need to be first saturat-
ed. Soil sample was prepared in a tray from a slurry 
state. The sample was inundated and then de-aired 
with a vacuum pressure of 75 kPa to ensure com-
plete saturation of soil (ASTM 2003, D-6836-02). 
The de-aired soil was consolidated in the modified 
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Table 1. Basic properties of soil samples      

Sample name S100 S90C10 S80C20 S70C30 S60C40 

Grain-size analysis 

    Fine content      (%,d 0.075mm) 

 Coarse content    (%,d 0.075mm) 

 

1.5 

98.5 

 

11.1 

88.9 

 

20.0 

80.0 

 

29.1 

70.9 

 

39.1 

60.9 

Specific gravity (Gs) 2.71 2.59 2.58 2.58 2.55 

Initial void ratio (e0) 0.804 0.678 0.772 0.679 0.807 

<

³



odeometer chamber which will be used continuously 
for the SWCC test afterward. The components of the 
apparatus and the set-up of the equipment are shown 
in Figure 1 and Figure 2 respectively. 
  

 
Figure 1. The components of the modified odeometer cham-

ber. 

 

 
Figure 2. The set-up of the test apparatus. 

2.3 Saturated permeability test 

The falling head method (Das 2010) was employed 
to measure the saturated permeability. Soil sample 
was again prepared from a slurry state and consoli-
dated in the same manner as for the SWCC test, 
therefore these two samples are considered to be 
identical for both tests. Then, the consolidated sam-
ples, which had been in saturated state, were tested 
for saturated permeability. 

2.4 Interpretation of AEV 

2.4.1 Equation of SWCC 
Fredlund and Xing (1994) has proposed an equation 
to fit with the experimental data points of SWCC. 
SWCC is assumed to have a shape of sigmoidal 
curve and the equation contains four parameters. 
The parameter related to ; parameter related 
to the rate of desaturation; parameter related to the 
curvature near residual condition; and is the ma-
tric suction corresponding to the residual soil-water 
content . The equation is as follows: 

   (1) 

where is soil-water content at any matric suc-
tion; is soil-water content at saturated condition;  

is the base of natural logarithm. 
The equation can be easily fitted by employing 

least square residual method, where the fitted equa-
tion is called the best-fitted SWCC. Best-fitted 
SWCC has advantage to be implemented with com-
putational analysis and also interpolate/extrapolate 
SWCC information between/beyond the tested data 
points. 

2.4.2 AEV computing method 
Zhang and Fredlund (2015) proposed an algorithm 
for determining AEV which takes advantage from 
the fact that best-fitted SWCC is originally con-
structed from a sigmoidal curve that contains only 
one inflection point which is the sleepiest point in 
the curve that matches with graphical construction 
technique suggested by Vanapalli et al. (1998). By 
substitution of in Equation 1, the equation is 
transferred into normal scale instead of log scale. 
Then by using the first and second derivative of the 
substituted equation will provide the point of inflec-
tion and slope at such point. Finally, by projecting a 
tangent line from inflection point to to saturated wa-
ter content level, the AEV of each SWCC is ob-
tained. 

3 DATA COLLECTION 

3.1 Ceramic disk 

A ceramic disk is a porous media, with particles size 
relatively more uniform than most soils. Eighteen 
(18) data points has been extracted from the litera-
ture from ceramic disks specification (Fredlund and 
Rahardjo 1993; Fredlund et al. 2012; Padilla et al. 
2006). The data consists of ksat and bubbling pres-
sure which is considered as the air-entry value of the 
disks. 
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3.2 Soils 

Thirty (30) data (i.e., SWCC and ksat) of soils have 

been collected from various sources (Kasim et al. 
1999; Gao et al. 2008; Elzeftawy and Catwright 
1981; Brooks and Coley 1964; van Genuchten 1980; 
SVSOILS 2012; Alim 2009; Rahardjo et al. 2005; 
Tami et al. 2004). Those SWCC data then have been 
interpreted for AEV using the curve fitting tech-
nique. Apart from thirty (30) data sets from the lit-
erature, five (5) data experiments are also used. 

4 RESULTS AND DISCUSSIONS 

4.1 ksat and AEV relationship of ceramic disk 

The relationship between ksat and AEV is shown in 
Figure 3. In double logarithmic scale, the relation-
ship is almost linear. From regression analysis, the 
following equation has been obtained:

 
             (2)

 
the equation has a correlation coefficient (R2) of 

0.825.
 
This result indicates that for a uniform porous 

material, like factory-made ceramic disk. A strong 

inverse correlation between ksat and AEV has been 

observed. 
 

 
Figure 3. Relationship between ksat and AEV of ceramic disk 

4.2 ksat and AEV relationship of soils 

4.2.1 Experimental results 
Five (5) experimental results are summarized in Ta-
ble 2. For samples with more than 80% of sand (i.e. 
S100, S90C10 and S80C20) have value of their 
AEV close to each other and lower than that of the 
sample S70C30 and S60C40, whose AEV noticea-

bly increased as the fine content in the sample in-
creased. In case of S70C30 and S60C40, the fine 
contents might fill the voids between coarse contents 
and resulted in significant increase of AEV. The 
sample S100, whose coarse contents is highest 
among all samples, shows the highest value of satu-
rated permeability. As fine contents increase by 
about 10 percent, saturated permeability tend to re-
duce by about one order of magnitude, except in 
case of sample S60C40. 
 
Table 2. Air-entry value and saturated permeability of exper-

imental samples 

4.2.2 Regression analysis 
Five (5) experimental data and thirty (30) data from 
literature are plotted in double logarithmic scale in 
Figure 4. The plot shows inversely proportional rela-
tionship between AEV and ksat. The regression anal-
ysis of soils data was taken place and again the best 
confident function is the power function (i.e., Equa-
tion 3) for ceramic disks. For all the data points, 
Equation 3 has a correlation coefficient (R2) of 
0.645. 

             (3) 

 

 
Figure 4. Relationship between ksat and AEV of soils 
 

Comparing with the result of ceramic disk, the 
correlation for soils is poor. It is considered that be-
cause soil particles arrangement is not as uniform as 
of man-made ceramic disk. Ceramic disks have 
higher value of AEV than soils at any given value of 
ksat. However, some similarities between two types 
of porous material can be observed. The regression 
lines of the soils and the ceramic disks are both 
power function and more importantly almost parallel 
to each other; the slope of the lines (powered num-
ber) (i.e., -0.316 and -0.297) are considerably close. 
This indicates that ksat is most likely a key parameter 
for predicting AEV. 

5 CONCLUSIONS 

The relationship between saturated permeability 
(ksat) and air-entry value (AEV) of unsaturated po-
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rous media has been investigated. Five (5) experi-
mental data and thirty (30) data from literature for 
soils and eighteen (18) data for ceramic disks have 
been collected and used for analyzing ksat-AEV rela-
tionship. The main results of this study are as fol-
lows: 

1) For ceramic disk, the regression analysis re-
sulted in  with a correlation 
coefficient . 

2) For soils, the regression analysis yielded
  

with . 
3) Results indicates that ksat is most likely a key 

parameter to develop a predicting equation for AEV. 
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