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ABSTRACT: Slope failure in tropical climate frequently occurs in the ground of the vadose zone with deep
ground water table. Unsaturated soil properties are thus required in many advanced analyses related to
stability and infiltration.  This paper reports on laboratory testing technique used to characterize unsaturated
soil properties for slope stability studies, currently used at Department of Civil Engineering, Kasetsart 
University. The methods principally employ miniature tensiometers and psychrometers for direct suction
measurement during testing. The relationship between the additional cohesion and suction was determined in
the suction-monitored direct shear box. The soil-water characteristic curves as well as the permeability 
suction function were investigated on undisturbed samples for both wetting and drying paths. The method is 
based on continuously drying and wetting the soil sample while continuous monitoring the suction gradient 
and the change in soil mass. The advantage of this method is evident in terms of cost and time associated. 
Some test results based on these techniques are then shown for a variety of soils in Thailand with some 
preliminary application on slope stability. 
 

1 INTRODUCTION 

Slope failure in tropical climate frequently occurs in 
the ground of the vadose zone with deep ground 
water table. These tropical slopes are generally 
unsaturated at most time of the year and the pore 
water pressure is negative. This negative pore water 
pressure or suction contributes to additional shear 
strength of soil and the stability of the slope 
(Fredlund & Rahardjo, 1993).  
 Nevertheless, prolonged rainfall and infiltration 
can diminish soil suction to nearly zero at a critical 
depth and frequently become a triggering 
mechanism of shallow slope failure (e.g. Springman 
et al., 2003, Chen et al., 2004, and Godt et al., 2009). 
Additionally, perched water table or positive pore 
water pressure can also be induced during heavy 
rainfall at a shallow depth in soil slopes as a result of 
wetting front being impeded by zones of much lower 
permeability in drier unsaturated soil or impervious 
rock underneath (e.g. Vaughan, 1985, Collins & 
Znidarcic, 2004, and Jotisankasa et al., 2008).  
 In order to understand the rainfall-induced 
landslide mechanism, many researchers have 
incorporated unsaturated soil properties into slope  

 
 
stability and infiltration analysis. Lu & Godt (2008), 
for example, based on infinite slope stability 
analysis with analytical 1-D steady unsaturated 
seepage calculation, showed their prediction of slope 
instability is consistent with actual shallow failure in 
the field which cannot be predicted by the classical 
infinite slope theory. Collins & Znidarcic (2004), 
using a similar approach with finite element 
transient seepage calculation, found that fine-grained 
soils and infiltration rates in order of 10-5 m/s or 
1300 m/day do not lead to the development of 
positive pore pressure. In this case, failure will more 
often occur due to the decrease in shear strength 
caused by the loss of suction and not due to the 
development of positive pressure.  

Other researchers such as Ng & Shi (2003) and 
Rahardjo et al. (2007), employing a similar 
approach, highlighted the importance of antecedent 
rainfalls and soil permeability on slope stability. 
More advanced coupled Finite Element stress-strain 
and seepage analyses considering unsaturated 
properties have also been increasingly used to 
predict the variation with time of deformation for 
shallow slope failure (e.g. Smith et al., 2002, Alonso 
et al. 2003, and Sasahara et al. 2008). This type of 
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analysis has been used as a basis in an early warning 
system for landslide, as suggested by Baum et al. 
(2008) Bao & Ng (2000) as well as Mairaing et al. 
(2009). 

All these research efforts emphasize the 
importance of understanding unsaturated soil 
behaviour in slope stability studies and especially in 
the investigation of infiltration process. This paper 
thus describes some laboratory tests developed and 
performed at Department of Civil Engineering, 
Kasetsart University in order to investigate 
unsaturated soil behaviour for slope stability studies 
in Thailand. 

2 SUCTION MEASUREMENT 

As stated previously, the tropical slopes are 
normally unsaturated and the pore water pressure is 
of negative value. This negative pore water pressure, 
or the tensile stress in soil water, is also referred to 
as the matric suction, s,  

 
wa uus −=                                     (1) 

 
where au  is the pore air pressure (equal to zero at 
atmospheric condition) and wu  is the pore water 
pressure. There are a variety of methods for 
measurement of matric suction such as axis-
translation, tensiometer, filter paper etc (Fredlund & 
Rahardjo, 1993, Ridley et al., 2003). At Department 
of Civil Engineering, Kasetsart University (KU), a 
miniature tensiometer was developed consisting of 
MEMs pressure sensor, 1BAR High-Air-Entry 
porous ceramic and transparent acrylic tube as 
shown in Figure 1. The device requires thorough 
saturation with water so that tensile stress can be 
transferred effectively between the soil water and the 
pressure sensor. This is normally achieved by 
evacuating air from different parts of the device in a 
water-filled reservoir using a vacuum pump, as 
described in details by Jotisankasa (2010). Typical 
results of matric suction measurement on a carefully 
sealed soil sample are shown in Figure 2a. 
 

Figure 1:  KU-tensiometer and its incorporation in direct shear 
box (modified from Jotisankasa and Mairaing, 2010). 
 

 

The major advantage of using the KU-
tensiometer for measurement of soil wetness in slope 
studies is that the device can also be used as 
piezometer to monitor positive pore water pressure 
as in traditional geotechnical engineering practice. 
 
a) 

 b) 

 
Figure 2: Typical results during measurement of (a) matric   
suction using tensiometer; (b) total suction using a relative 
humidity sensor  (Tapparnich, 2010). 

 
 In the slope stability study, rain infiltration and 

evaporation process is frequently investigated in 
order to couple the climatic effect with the stability 
analysis. The boundary condition at the ground 
surface is of great importance when performing such 
analysis (Vaughan, 1994, Rahardjo et al., 2009). The 
value of suction at this boundary in general 
undergoes an extreme fluctuation during wet and dry 
season. In particular, it can exceed many thousands 
of kPa after a prolonged dry period. At such high 
suction, it is generally not possible to measure the 
matric suction, and therefore the total suction, ψ, is 
monitored instead. The total suction is defined as the 
total affinity that a soil has for water, or the sum 
between the matric suction and the osmotic suction, 
which is due to the presence of salt solution in soil 
water. The total suction is related to the relative 
humidity of the ambient air close to the soil by the 
relationship 
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where Rh is the relative humidity, R is the universal 
gas constant (8.314 J.mol-1.K-1), Vmol is the 
molecular volume of water vapour (0.01802 m

3
), 

and T the absolute temperature (
o
K).  

 

    
Figure 3: Relative humidity sensor, its calibration and its use 
for total suction measurement. 

 
 
Table 1: Properties of the saturated salt solution used for  cali-
bration of the relative humidity sensor. (Modified from Lu & 
Likos, 2004). 
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 Figure 3 shows the relative humidity sensor used 
in this study for measurement of total suction. The 
device is the Honeywell polymer capacitive RH 
sensor encased in an open-end transparent tube, 
calibrated using salt solution and used within a 
temperature controlled chamber (20±0.5oC). Table 1 
describes the properties of the salt solutions used for 
calibration of the device. During measurement, it is 
important for the relative humidity within the space 
in front of the sensor to reach equilibrium with the 
soil air. Normally, a period of two days or longer is 
allowed for the equilibration of the total suction. 
Figure 2b shows example of the equilibration time 
required during the measurement of total suction. It 
can be seen that much longer equilibration period is 
required for the total suction measurement (2-4 

days) than it is required for the matric suction (less 
than 1 day). 

3 UNSATURATED SHEAR STRENGTH 

One of the simplest relationships for shear strength 
in unsaturated soils is as follows; 

 
(3) 

 
where 'c = effective cohesion intercept,  σ  = normal 
total stress, au  = pore air pressure (for atmospheric 
pressure, au equals zero),  'φ  = the effective angle 
of shearing resistance, and sc  = the additional 
cohesion in unsaturated soil due to suction. The 
value of sc can be determined as follows; 
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where wu = pore water pressure, φb = angle of 
shearing resistance due to suction, χ = Bishop’s 
parameter which can be approximate to degree of 
saturation. 
 Jotisankasa & Mairaing (2010) studied the 
relationship between cs and suction of residual soils 
from landslide areas using the suction-monitored 
direct shear test as shown in Figure 1. Only minor 
modification was made to the top cap of 
conventional direct shear box, whereby the 
tensiometer is inserted through an orifice of the top 
cap and a clamping set was used to secure the 
tensiometer in place during shearing. This testing 
technique was in fact similar to those presented by 
Tarantino & Tombolato (2005) and Jotisankasa et al. 
(2007b). The main difference is that the miniature 
tensiometer used in this study was of a lower 
capacity, capable of measuring suction from value of 
zero to 90 kPa. This smaller range of suction is 
however more appropriate for slope stability study. 
 During testing, a constant water content condition 
of the soil specimen is maintained by using plastic 
wrap and pieces of wet clothes to cover the whole 
shear box. With this technique, the water contents 
before and after testing were found to differ only by 
0-0.25% for a test period of about 8-10 hours 
(Jotisankasa & Mairaing, 2010).  
 Typical testing program for characterization of 
soils in slope stability studies at Kasetsart University 
consists of slow (Consolidated-Drained) shearing 
tests on saturated samples and constant-water-
content shearing tests on unsaturated samples with 
various initial suctions. In unsaturated tests, the 
samples’ moisture content were modified to the 
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required values prior to testing by either gradual 
water spraying or air-drying.  
 Figure 4 shows typical behaviour during constant 
water content shearing of a compacted granitic 
residual soil mixed with 20% kaolin. These tests are 
part of a study on influence of kaolin percentage on 
shear strength of decomposed-granite silty soil 
mixed with the kaolin (Booncharoenpanich, 2010). 
The decomposed granite is classified as SM 
according to the Unified Soil Classification System. 
After mixed with 20% kaolin, the material became 
clayey sand, SC, with the plasticity index of 13.05%. 
The shearing rate in these direct shear tests was 0.05 
mm/min and net normal stress was 15.5 kPa. At the 
initial shearing stage of most tests, some 
compression was observed which was accompanied 
by a slight decrease in matric suction (increase in 
pore water pressure). Subsequently, the sample with 
higher suction started to dilate and the suction 
increased accordingly. Upon reaching the peak and 
ultimate state, the suction then appeared to level off. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4:  Typical results during constant-water content shear-
ing in suction-monitored direct shear test on a compacted de-
composed granite mixed with 20% kaolin. 
 
 
 

 This test programme has been followed for all 
decomposed granite-kaolin mixtures. Figure 5 shows 
the envelope of peak shear strength versus matric 
suction of the mixtures with different percentages of 
kaolin (0, 10, 15, 20%). The unsaturated shear 
strength of the mixture of 10%kaolin is the highest 
for the range of suction tested (0-45kPa) and thus 
this percentage of kaolin is the most suitable for soil 
improvement in terms of gain in unsaturated 
strength.   
 
     
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5:   Peak shear strength versus matric suction envelope 
of decomposed granite (SM) mixed with different percentages 
of kaolin (0, 10, 15, 20% by weight) at normal stress of 15.5 
kPa.  
 
 Such suction-monitored shearing tests thus offer 
alternative tools for characterizing unsaturated shear 
strength in slope stability studies. It is also 
appreciated that the failure condition in the soil 
slope during rainfall could be simulated by the 
shearing infiltration test with increasing pore water 
pressure and constant total stress (e.g. Brand, 1981, 
Rahardjo et al., 2009). For practical purpose, the 
conventional suction-monitored shearing tests was 
used in this study and thought to be adequate for the 
first estimate. Further research is still needed to 
investigate whether or not the shear strength 
parameters (i.e. 'φ , 'c , sc ,φb) from conventional 
shear tests and shearing infiltration test are 
essentially the same. 

4 SOIL-WATER CHARACTERISTIC CURVE 

The Soil-Water Characteristic Curve (SWCC), also 
called the Soil-Water Retention Curve, is a function, 
which describes the relationship between suction 
and the state of soil wetness. The soil wetness can be 
expressed in several ways, namely, degree of 
saturation, Sr, gravimetric water content, w, or 
volumetric water content, θ, which are all related by 
the equation, 

 
                        (5) 
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 SWCC is required as key properties for advanced 
analysis of slope including infiltration, and 
prediction of unsaturated shear strength. In addition, 
Johnson & Sitar (1990) and Jotisankasa & 
Vathananukij (2008) made use of the SWCC in 
order to estimate the amount of rainfall required to 
reduce the suction to zero or saturate the slope, 
which is used as basis for early warning system for 
shallow landslide. 
 Various methods can be used to determine SWCC 
such as axis translation, filter paper, tensiometer, 
chilled-mirror hygrometer etc. In this study, SWCC 
of intact undisturbed sample is determined using 
miniature KU tensiometer and relative humidity 
sensor as shown in Figure 3. Two main testing 
methods are currently used. The first one is the 
point-wise measurement method, by which the 
sample is gradually wetted and dried and their 
suctions during each stage were monitored 
incrementally. A minimum curing period of about 2-
3 days between each increment was allowed for 
equilibration of the suction throughout the sample, 
which was carefully wrapped to prevent evaporation.  
   The second method is called continuous 
measurement. For the drying SWCC, the top surface 
of soil sample was left exposed to ambient air, and 
the soil suction was monitored continuously at three 
locations on sample’s side as shown in Figure 6. The 
sample’s weight was also continuously measured 
using an electric balance connected to a datalogger. 
Typical results of such tests on silty residual soil 
from sedimentary rock (mudstone/siltstone) from 
Laplae, Uttaradit province are shown in Figure 7. It 
can be seen that during drying, the suction across the 
sample did not differ by more than 20%. As shown 
in Figure 8, the drying SWCCs from both methods 
are in a good agreement. 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
 
 
 
 
 
 
Figure 6:   Experiment setup for the continuous measurement 
of SWCC. 
        

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
Figure 7:  Typical results during drying path of continuous  
SWCC measurement of a silty residual soil. 
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Figure 8:   Drying SWCCs from continuous and point-wise 
measurement methods of a silty residual soil 
 

 
 For the determination of wetting SWCC, the top 
surface of sample is continuously wetted by way of 
water dripping from burette as shown in Figure 6. 
Typical results on the same material are shown in 
Figure 9.                                                         

Wetting SWCCs as determined using the 
continuous measurement method and pointwise 
measurement method are shown in Figure 10. The 
difference of the wetting SWCCs from the two test 
methods appear to be greater than that of drying 
SWCCs. This is believed to be due to the greater 
non-linearity of the suction distribution in the 
wetting tests. 

The main advantage of the continuous SWCC 
measurement is the shorter testing duration which is 
only a few days per one path (from suction of 90 to 
zero kPa). Besides, the function of permeability at 
different suctions, and water contents can also be 
determined from this test as described in the 
following section. 
 

5 PERMEABILITY FUNCTION 

Permeability function is one of the most sophisti-
cated parameters to measure of unsaturated soils. 
Usually, some kind of approximation based on the 
SWCC is carried out. Lu & Likos (2004) gives an 
overview of different techniques used to determine 
permeability function. 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 9: Typical results during wetting path of continuous 
SWCC measurement of a silty residual soil. 
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Figure 10:  Wetting SWCCs from continuous measurement and 
point- wise measurement of a silty residual soil. 

 
The aforementioned continuous SWCC 

measurement method can also be used to determine 
the permeability function. As shown in Figure 6, 7a, 
8b, the values of suction at three locations can be 
used to calculate the hydraulic gradient, i, as 
follows;  

 
 

(6) 
 
 

 
where z is the elevation head of each tensiometer 
relative to the base of sample, s is matric suction, 
and γw the unit weight of water.  For the drying test, 
the value of hydraulic gradient, i, is calculated using 
linear regression over the three tensiometer 
measurements. For the wetting test, experience 
suggests that the gradient, i, calculated over only the 
upper and middle pore pressure measurement gives a 
better results of k-function than if calculated over 
three measurements. This is perhaps due to non-
uniformity of the pore water pressure distribution as 
described previously. As shown in Figures 7b, and 
9b, i appears to vary nonlinearly with time. The 
negative value of i suggests upward movement of 
water or net evaporation.  

The plot of change in soil mass with time, as 
shown in Figures 7c, and 9c, are used to calculate 
the flux or discharge velocity, v, at any particular 
time as follows; 

 
 

(7) 
 

where dVw is the change of volume of water in soil 
sample calculated from change in soil mass during 
test, A is the cross section area of sample, and t is the 
elapse time. Linear regression is used to calculate 
the slope (velocity) over 30 data points. The value of 
permeability at any suction and volumetric water 
content can then be calculated as in Eq (8). 

 
(8) 

 
 

 Permeability functions determined by this method 
are shown in Figure 11. Both wetting and drying k-
functions appear to be in the same range. The drying 
k-function however appears to be of less scatter than 
the wetting, possibly due to the less non-linearity of 
the suction distribution during drying test as 
described previously. The continuous technique thus 
offer a very quick and simple way for k-function 
determination of unsaturated soils  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11: Permeability functions determined from   
continuous SWCC measurement.  

 

6 APPLICATIONS  

In order to illustrate some basic applications of 
the unsaturated properties for slope studies, the 
safety factor of infinite slope is calculated as shown 
in Figure 12. The shear strength parameters of 
compacted granitic soil, mixed with different 
percentages of kaolin are used in the analysis. The 
factor of safety, F, is calculated as follows; 

 
 

(9) 
 

 
where the hypothetical slopes with depth of failure, z 
= 1m, and slope gradient, β = 42 degrees, and unit 
weight, γ= 19 to 20 kN/m3 were analyzed. The value 
of  cs is calculated using Eq (4), as determined from 
the direct shear box (Figure 5) and also estimated 
using the Eq (10) 
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 where θs = saturated volumetric water content, and 
θ33 is the volumetric water content at 33 kPa suction 
or at the nominal field capacity (Jotisankasa & 
Mairaing, 2010).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12: Variation between factors of safety and pore water 
pressure. 
 
 It can be seen that the estimation of unsaturated 
strength using field capacity (Equation 10) gives a 
satisfactory results if compared with the 
experimental test results from direct shear test 
(Equation 4) with less than 14% difference in Factor 
of Safety.  This method of estimation using Eq (10) 
is very useful if there are not enough samples for 
shearing test and only the data of field capacity and 
porosity is available. 
 Another interesting trend is that the pore water 
pressure at failure (when Factor of Safety =1) of the 
decomposed granite (SM) slope without kaolin 
mixture is about -3kPa: a negative value. However if 
the decomposed granite is mixed with kaolin the 
value of pore water pressure at failure is about +8 
kPa or more: a positive value. The value of suction 
thus seems to be significant for maintaining slope 
stability in the case of completely decomposed 
granite compacted without any soil improvement.   

7 CONCLUSIONS 

Slope instability in the tropics frequently occurs in 
the ground with deep water table. In this study, the 
testing methods for unsaturated soils principally 
employ miniature tensiometers and psychrometers 
for direct suction measurement during testing. The 
relationship between the additional cohesion and 
suction was determined in the suction-monitored 
direct shear box for decomposed granite mixed with 
kaolin. The mixture of 10% kaolin appears to have 
the highest unsaturated strength.  
 The soil-water characteristic curves as well as the 
permeability-suction function were investigated on 
residual soil from sedimentary rock for both wetting 
and drying paths. A novel method proposed is based 
on continuously drying and wetting the soil sample 
while continuous monitoring the suction gradient 

and the change in soil mass. The advantage of this 
method is that the SWCC and k-function of an 
undisturbed sample can be determined in the suction 
range of 0 to 90 kPa within less than a week. 

ACKNOWLEDGEMENTS 

The authors would like to acknowledge the research 
grant provided by NRCT. 

 

REFERENCES 

Alonso, E.E., Gens, A and Delahaye, C.H. 2003. Influence of 
rainfall on the deformation and stability of a slope in 
overconsolidated clays: a case study. Hydrogeology Journal 
11, 174–192 

Bao, C.G. & Ng, C.W.W. 2000. Some thoughts and studies on 
the prediction of slope stability in expansive soils. 
Unsaturated Soils for Asia, Singapore, Rahardjo, Toll & 
Leong (eds), 15-31 

Baum, R.L, Savage, W.Z. & Godt, J.W. 2008.  TRIGRS- A 
Fortran program for transient rainfall infiltration and grid-
based regional slope-stability analysis, Version 2.0. Open 
File Report 2008 – 1159, USGS. 

Brand, E.W. 1981. Some thoughts on rain-induced slope 
failures. Proceedings of the 10th International Conference 
on Soil Mechanics and Foundation Engineering, 
Stockholm, Vol. 3, pp. 373-376. 

Booncharoenpanich, P. 2010. Investigation of the erosion 
protection mechanisms for soil slope covered with kaolin 
mixtures and vegetated natural geotextile. MEng thesis, 
Geotechnical Engineering, Department of Civil 
Engineering, Kasetsart University, (in Thai)  in 
preparation. 

Chen, H, Lee, C.F. and Law, K.T. 2004. Causative mechanisms 
and rainfall-induced fill slope failures. Journal of 
Geotechnical and Geoenvironmental Engineering. ASCE. 
Vol. 130, No. 6, June 1, 593-602 

Collins, B. D, and Znidarcic, D. 2004. Stability analyses of 
rainfall-induced landslides. Journal of Geotechnical and 
Geoenvironmental Engineering. ASCE. April 2004, Vol. 
130, No. 4, 362–372 

Fredlund, D. G. & Rahardjo, H. 1993. Soil mechanics for 
unsaturated soils. New York: Wiley. 

Godt, J.W., Baum, R.L and Lu, N. 2009. Landsliding in 
partially saturated materials. Geophysical Research Letters, 
Vol. 36, 1-5, L02403, doi:10.1029/2008GL035996 

Johnson, K.A., and Sitar, N. 1990. Hydrological conditions 
leading to debris-flow initiation. Canadian Geotechnical 
Journal, 27: 789-801 

Jotisankasa, A., Porlila, W., Soralump, S., Mairiang W. 2007a. 
Development of a low cost miniature tensiometer and its 
applications. Proceedings of the 3rd Asian Conference on 
Unsaturated Soils (Unsat-Asia 2007), Nanjing, China. 

 
 

0.0
1.0
2.0
3.0
4.0
5.0

-40 -30 -20 -10 0 10

Fa
cto

r o
f S

afe
ty

Pore Water Pressure (kPa)

sm cs (Eq.4) sm+k10 cs (Eq.4) sm+k15 cs (Eq.4) sm+k20 cs (Eq.4)
sm cs (Eq.10) sm+k10 cs (Eq.10) sm+k15 cs (Eq.10) sm+k20 cs (Eq.10)



Jotisankasa, A., Ridley, A., Coop, A. 2007b. Collapse behavior 
of a compacted silty clay in the suction-monitored 
oedometer apparatus, Journal of Geotechnical and 
Geoenvironmental Engineering, ASCE, July 

Jotisankasa, A., Kulsuwan, B., Toll, D., and Rahardjo, H., 
2008, Studies of rainfall-induced landslide in Thailand and 
Singapore, The First European Conference on Unsaturated 
Soils (E-UNSAT), 2-4 July, 2008, Durham, UK, pp 901-907    

Jotisankasa, A. and Vathananukij, H. 2008. Investigation of 
soil moisture characteristics of landslide-prone slopes in 
Thailand. Proc. of the International Conference on 
Management of Landslide Hazard in the Asia-Pacific 
Region. Sendai, Japan, November 11-15 

Jotisankasa, A., Takahashi, A., Takeyama, T., and Mairaing, 
W. 2009. A study of deformation behaviour of an 
instrumented slope subject to rainfall near Thadan dam 
Thailand. Proceedings of the 14th National Convention in 
Civil Engineering, Nakornrachasrima, Thailand. 

Jotisankasa, A. and Mairaing, W. 2010. Suction-monitored 
direct shear testing of residual soils from landslide-prone 
areas, Journal of Geotechnical and Geoenvironmental 
Engineering, ASCE, Vol. 136, No. 3, March 1, 2010. 

Jotisankasa, A. 2010. Manual for User of KU Tensiometer. 2nd 
edition. Geotechnical Innovation Laboratory, Geotechnical 
Engineering Research and Development Center, GERD, 
Kasetsart University. 

Lu, N., and Godt, J. W. 2008. Infinite slope stability under 
steady unsaturated seepage conditions. Water Resources 
Research, v. 44, p. W11404. 1-13 

Lu, N. and Likos, W.J. 2004. Unsaturated soil mechanics. 
Wiley.   

Ng, C.W.W and Shi, Q. 2003. The stability of unsaturated soil 
slopes subjected to rainfall infiltration. Numerical Analysis 
and Modelling in Geomechanics (John W. Bull) London : 
Spon Press, 101-128 

Rahardjo, H., Ong, T.H., Rezaur, R.B., and Leong, E. C. 2007. 
Factors controlling instability of homogeneous soil slopes 
under rainfall. Journal of Geotechnical and 
Geoenvironmental Engineering. ASCE. Vol. 133, No. 12, 
December 1, 1532-1543 

Rahardjo, H., Leong, E.C. & Rezaur, R.B. 2009. Laboratory 
characterization of unsaturated soils for slope stability 
studies. Proc. 4th Asia-Pacific Conference on Unsaturated 
Soils: Theoretical and numerical advances in unsaturated 
soil mechanics, 23-25 November 2009, Newcastle, 
Australia, pp 565-578 

Ridley, A. M., Dineen, K., Burland, J. B. & Vaughan P. R. 
2003. Soil matrix suction: some examples of its 
measurement and application in geotechnical engineering. 
Geotechnique 53, No. 2, 241–253 

Sasahara, K., Tamura, K and Kurihara, J. 2008. Simulation 
Model of Surface Displacement of Rainfall-Induced 
Shallow Landslide and its Application to Granite Soil Slope 
at West Japan. Proceedings of the International Conference 
on Management of Landslide Hazard in the Asia-Pacific 
Region. Sendai, Japan, November 11-15, 403-413 

Smith, P.G.C., Addenbrooke, T.I. and Potts, D.M. 2002. 
Coupled finite element analysis of infiltration into 
unsaturated soils, Unsaturated Soils. Proc. 3rd Int. Conf. on 
Unsaturated Soils (UNSAT 2002), Recife, Brazil, Lisse: 
Swets & Zeitlinger, Vol. 1, 3-8 

Springman, S.M., Jommi, C. & Teysseire, P. 2003. Instabilities 
on moraine slopes induced by loss of suction: a case 
history. Geotechnique 53, No. 1, 3-10 

Tapparnich, J. 2010. Mechanical behaviour of soil in Lublae 
area at Uttaradit province with application to landslide. 
MEng thesis, Geotechnical Engineering, Department of 
Civil Engineering, Kasetsart University, in preparation. 

Tarantino, A. & Tombolato, S. 2005. Coupling of hydraulic 
and mechanical behaviour in unsaturated compacted clay. 
Geotechnique 55, No. 4, 307-317 

Vanapalli, S.K. 2009. Shear strength of unsaturated soils and 
its applications in geotechnical engineering practice. Proc. 
4th Asia-Pacific Conference on Unsaturated Soils: 
Theoretical and numerical advances in unsaturated soil 
mechanics, 23-25 November 2009, Newcastle, Australia, 
pp 579-598 

Vaughan, P.R. 1985. Pore pressures due to infiltration into 
partly saturated slopes. Proc. 1st International Conference 
on Geomechanics in Tropical Lateritic and Saprolitic soils. 
Brazil, Vol 2, 61-71 

Vaughan, P.R. 1994. Assumption, prediction and reality in 
geotechnical engineering. The 34th Rankine Lecture. 
Geotechnique 44, No. 4, 573-609 

Zhang, L.M., Li, X. & Fredlund, D.G. 2009. SWCCs and 
permeability functions for coarse-grained soils. Proc. 4th 
Asia-Pacific Conference on Unsaturated Soils: Theoretical 
and numerical advances in unsaturated soil mechanics, 23-
25 November 2009, Newcastle, Australia, pp 251-256 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




