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1 INTRODUCTION 

Landslides have caused massive destruction and 
numerous loss of life all over the world for many 
decades. Jotisankasa et al. (2008) reported that rain-
fall is one of the dominant triggers for landslides. It 
has been reported in the literature that the reduction 
of shear strength due to loss of suction is the main 
cause for rainfall-induced landslides where soil is in 
unsaturated state (Ali et al. 2014; Mohammad et al. 
2014; Trandafir et al. 2007; Chen et al. 2004).  

In unsaturated soils, classification of properties 
plays a key role. The matric suction and soil water 
characteristics curve (SWCC) are the two key prop-
erties of unsaturated soil according to Fredlund et al. 
(2012). Matric suction is caused by environmental 
changes in the air and water phases in the vadose 
zone. Fredlund et al. (2012) outlined that matric suc-
tion increases with the reduction of pore size.  

Unsaturated soils have higher shear strength than 
saturated soils according to Houston (2014). The 
shear strength increases with suction when the suc-
tion value is less than air entry value (AEV), as re-
ported by Sheng et al. (2009). However, the rate of 
increase in shear strength declines, when the suction 
value reaches residual conditions according to Sheng 
et al. (2009).  

Vanapalli et al. (1996) reported that during desatu-
ration process, residual stage will be reached finally 
where little water left in the pores. The residual state 
occurs within the suction range of 0 to 200 kPa for 

gravels, sands, silts and their mixtures. This range 
for clays with low plasticity is between 500 to 1500 
kPa. It will be greater than 1500 kPa for clays with 
medium to high plasticity.  

Guan et al. (2010) found out from experiments 
that shear strength on the drying path is higher than 
that on the wetting path. None of the published equa-
tions for shear strength considers the strength on the 
wetting path according to Guan et al. (2010). Wet-
ting shear strength behaviour is paramount in analyz-
ing rainfall-induced slope failures as reported by 
Guan et al. (2010). 

Vanapalli et al. (1996) created a prediction model 
of shear strength of unsaturated soil using SWCC 
and shear strength parameters of saturated soil. Sev-
eral prediction models of the shear strength of un-
saturated soils are formulated recently according to 
Sheng et al. (2009). The main differences between 
these models (Vanapalli et al., 1996; Sheng et al., 
2009) are mathematical formulations and material 
properties adopted. 

A simplified version of shear strength prediction 
model is preferred due to high cost of material test-
ing and considerable time involved in the laboratory 
testing according to Vanapalli et al. (1996). 

In fact, practical engineers are interested in the 
suction range from 0 to 500 kPa due to the perfor-
mance of geotechnical structures as reported by 
Vanapalli et al. (1996).  

Gallage and Uchimura (2016) advised that effects 
of low suction and hysteresis of SWCC on unsatu-
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rated shear strength parameters are vital to analyse 
rainfall-induced shallow landslides. 

This study focuses on simplified prediction mod-
els of shear strength of unsaturated soil under low 
normal stress. 

In this paper, the results from direct shear test, 
suction test using filter paper method and particle 
size distribution test on the soil samples obtained 
from existing landslide sites were used. Both direct 
shear tests and suction tests were conducted at dif-
ferent water contents to identify the impact of mois-
ture in the soil on the shear strength. SWCC has 
been prepared for tested soils. 

This paper presents three calibrated and validated 
prediction models of shear strength of unsaturated 
soils. Two of them are published models. The third 
one is proposed for the suction range of 0 to 10,000 
kPa. 

2 MATERIALS AND METHODS 

2.1 Test setup and arrangement of instruments 

Both direct shear and suction tests (using filter paper 
technique) were carried out on nine (9) soil speci-
mens at 0%, 10%, 15%, 20%, 25%, 30%, 35% and 
40% water contents. The soil samples were re-
moulded. 

2.1.1 Direct shear test 
Direct shear tests (the size of the shear box was 60 
mm length x 60 mm width x 56 mm depth) were 
performed according to AS1289.6.2.2 - 1998 proce-
dure on soil specimens.  

Soil samples collected from each landslide site 
were oven-dried at 1050C for 24 hours. Particle size 
distribution was carried out on each oven-dried sam-
ple and the soil material passing 4.75 mm sieve was 
used for a series of direct shear tests. For each soil 
sample, shear box tests were performed on soil spec-
imen with various moisture contents, ranging from 0 
to 40%. To allow comparisons of the obtained re-
sults, all specimens for each soil were prepared to 
the same dry density. The dry density values are giv-
en in Table 1. 

The moist specimens were prepared by mixing the 
oven-dried soil with 10%, 20%, 30% or 40% dis-
tilled water. They were allowed to rest in a sealed 
bag for 24 hours for better and more even saturation. 
Then, the soil was compacted in the shear box in 6 
layers to achieve the desirable dry density. 

The wet samples were prepared by adding 10%, 
20%, 30% and 40% of distilled water by weight to 
the dry sample and were kept at least for 24 hours in 
a sealed bag. Direct shear tests were carried out with 
at least 4 different moisture contents depending soil 
behavior with water. However, some soil samples 
failed or became watery at 30% and 40% moisture 
contents during the preparation. 

Direct shear testing equipment was set with the 
constant displacement rate of 0.2 mm/minute due to 
coarser materials tested. The data logger was orga-
nized to record vertical displacement, horizontal dis-
placement and shear force at every 10 seconds. The 
maximum horizontal displacement was 7 mm.  

The soil specimens were sheared under the effec-
tive vertical stress of 28.5, 55.8 and 83.0 kPa. The 
peak shear stress was recorded for different initial 
vertical stresses. It was used to determine the 
strength characteristics of soil (internal friction angle 
and cohesion), according to Mohr-Coulomb strength 
criterion. Shear stress vs. horizontal displacement 
was plotted for each test. 

2.1.2 Suction test using filter paper technique 
A number of suction tests were performed using the 
standard Whatman No. 42 filter paper, following 
ASTM D5298 – 2016 procedure. The soil specimens 
were prepared with at least four (4) different mois-
ture contents (gravimetric), and then individual 
SWCC can be obtained.  

For suction tests, material passing 2.36 mm sieve 
from oven-dried samples (for 24 hours) was used. 
The suction tests were carried out using O-ring, air-
tight glass container and cling wrap. A special hand 
gloves and forceps were used to prepare the speci-
men to avoid oils from the hand to the filter paper. 
The wet samples were prepared by adding 10%, 
20%, 30% and 40% of distilled water by weight. A 
set of 4 larger size filter papers and a smaller size fil-
ter paper were dried for 16 hours in the oven prior to 
using it.  

The plastic O-ring (a hollow tube of 51 mm diam-
eter and 25 mm height) was placed on top of a cling 
wrap and sample was hand-compacted upto the mid-
dle of O-ring. Two large filter papers were placed 
and a small filter paper was placed in between. The 
purpose of small filter paper is to measure matric 
suction. Then the sample was hand-compacted up to 
the top and a wire separator and two large filter pa-
pers were placed. The total suction was measured us-
ing the top two filter papers. 

The soil sample with the O-ring was placed in a 
small glass bottle (of 62 mm opening diameter and 
88 mm height) with top two filter papers exposed 
within the glass bottle. Then, the glass bottle was 
closed with lid tightly and placed in a cooler box for 
a week at least. After 7 days, the weight of wet filter 
papers such as the top two filter papers and the small 
filter paper were measured using a sensitive balance 
with four decimal points. Immediately, they were 
placed in the oven at 1050C for 2 hours. The weight 
of dried filter papers was measured after drying. This 
process was completed as quickly as possible to 
avoid change of moisture in the air. The total suction 
and matric suction were calculated using Whatman 
No.42 calibration curves. 



2.2 Soil type and index properties 

A series of laboratory experiments were conducted 
on nine soil samples collected from landslide sites in 
the northern region of New South Wales (Australia). 
These shallow landslides (depth 1-3 m) occurred in 
the past few years during the rainfall events. The 
highest rainfall causing landslides varies from 45.4 
mm/day to 415.2 mm/day according to the data from 
Bureau of Metrology from 2009 to 2017 in the 
northern region.  

 The particle size distribution test results and dry 
densities are shown in Table 1. 

  
Table 1. Particle size distribution and dry density 

Soil 

No. 

Grav-

el (%) 

Sand 

(%) 

Fine

s 

(%) Cu Cc 

Dry 

density 

(kg/m3) 

Soil 1 31.1 66.5 2.4 8.64 1.17 1057.1 

Soil 2 52.3 42.1 5.6 13.20 1.75 1186.5 

Soil 3 38.6 57.6 3.7 15.71 1.09 1074.4 

Soil 4 6.9 89.3 3.8 2.70 1.20 1294.6 

Soil 5 23.8 64.5 11.6 13.85 0.83 1152.9 

Soil 6 66.1 31.6 2.3 12.44 3.23 1359.8 

Soil 7 50.2 46.8 3.0 13.08 1.37 1221.2 

Soil 8 70.5 25.7 3.8 43.20 2.90 1366.0 

Soil 9 85.8 13.0 1.2 3.81 1.61 1366.0 

 
Table 1 shows that the tested soils were mainly 

coarse grained soils because more than 50% of the 
soil particles are larger than 0.075 mm sieve size. 
The Atterberg limits are tabulated in Table 2.  

 
Table 2. Atterberg limits. 

Soil No. LL (%) PI (%) 

Soil 5 42.6 24.8 

Soil 6 20.2 3.8 

Soil 9 37.9 9.2 

3 TEST RESULTS AND ANALYSIS 
 

The plot of shear strength (kPa) versus moisture con-
tent (%) under normal stress of 28.5 kPa from direct 
shear test is presented in Figure 1. It shows that 
shear strength of unsaturated soil reduces with in-
creasing moisture content. 

The shear strength reduction was calculated as 
change in shear strength divided by original shear 
strength at 0% moisture content. Figure 2 depicts the 
reduction of shear strength versus moisture content. 
It is clear from Figure 2 that the shear strength re-
duction is increasing when the moisture content is 
increased. 

SWCC of the tested soils obtained using suction 
test using filter paper technique are shown in Figure 
3. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 1. Shear strength vs. Moisture content plot from direct 
shear test on 9 soil specimens. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2. Shear strength reduction vs. Moisture content plot. 

 
 

 
 
 
 
 
 
 
 
 
 

 
 
Figure 3. SWCC of the tested soils. 

 
It is evident from Figure 3 that AEV of tested soils 

is under 10 kPa. The tested soils had matric suction 
in the range of 0 to 500 kPa when their moisture 
content varies between 10% and 51%. 

4 PREDICTION OF SHEAR STRENGTH 

A couple of approaches were used in this study to 
predict shear strength of unsaturated soils. One is the 
prediction of shear strength using direct shear test 
results and suction test results including SWCC. The 
other one is prediction of cohesive shear strength us-
ing direct shear test results only. 



4.1 SWCC equation 

Fredlund and Xing (1994) algorithm for SWCC 
equation is shown below as highlighted by Vanapalli 
et al. (1996): 

])])/(ln[(/)[( mn
s aeC                    (1) 

)]/10000001ln(/)/1ln(1[)( rrC           (2)  

where   = the volumetric water content at any suc-
tion; s  = the saturated volumetric water content; 

)(C  = correction factor;   = soil suction; r  = 
suction value at residual water content; e  is natural 
number, 2.71828…; a  = a suction related to the air 
entry value of the soil; n  = a soil parameter related 
to the slope at the inflection point on the SWCC; m  
= a soil parameter related to the residual water con-
tent. 

Leong and Rahardjo (1997) recommended the 
above Fredlund and Xing (1994)’s model, i.e., Equa-
tion (1), for SWCC after reviewing many equations 
as it provided best fit to the measured values. 

The soil parameters of Equation (1) such as a , n  
and m  for the tested soils were estimated using 
EXCEL SOLVER by applying optimization tech-
nique. The squared sum of normalized residuals 
(SSNR1) as noted below is minimized: 

 


n
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where m is measured water content and, e  is es-
timated water content. 

Chin et al. (2010) published the results of a , n  
and m for 30 coarse-grained soil samples. Based on 
these results, the following range for a , n  and m  
is assumed for this study: a  from 0.1 to 5; n  from 
0.1 to 15 and m  from 0.1 to 2. 

The suction value at residual water content r is 
assumed to be 100 kPa according to Chin et al. 
(2010). 

Based on the above assumptions, the soil parame-
ters a , n  and m  for the tested soils were calculat-
ed and tabulated in Table 3. 

Vanapalli et al. (1999) and Kim et al. (2010) 
pointed out that SWCC moves to the right when ver-
tical stress is increased. However, the effect of verti-
cal stress on SWCC is minimal under low confining 
pressure conditions. Fine content and structural re-
tention of soils have more significant effect on 
SWCC at low confining pressure conditions. 

Based on the above argument, it was assumed that 
SWCC obtained using the filter paper measurement 
technique (where normal stress is zero) will be the 
same as the SWCC under the vertical stress of 28.5 
kPa at the direct shear test during this study. This is 
because the vertical stress is low. This SWCC was 
used for the prediction of shear strength of unsatu-
rated soils. 

 

Table 3. Soil parameters of SWCC of tested soils. 

Soil 

No. s  
a  

(kPa) n  m  SSNR1 

Soil 1 39 0.10 0.10 0.69 0.05049 

Soil 2 40 0.10 0.10 1.61 0.02560 

Soil 3 39.5 5.00 0.47 0.55 0.25342 

Soil 4 26 3.41 8.64 1.13 0.38097 

Soil 5 40 5.00 0.53 0.82 0.34271 

Soil 6 51 0.10 15.00 0.22 0.03867 

Soil 7 34.5 0.10 15.00 0.12 0.03487 

Soil 8 33 0.12 15.00 0.15 0.03279 

Soil 9 42 2.73 8.78 0.29 0.10891 

 

4.2 Shear strength equation 

To predict shear strength of unsaturated soils, three 
equations were used. The first equation is from 
Vanapalli et al. (1996) for calculating shear strength 
at any suction value as noted below: 

  ))')(tan((tan)('  K
waan uuuc        (4) 

where  = shear strength of unsaturated soil;      
c’ = effective cohesion; ’ = effective internal fric-
tion angle; n  = normal stress; au  = pore air pres-
sure; wu  = pore water pressure;  =normalized wa-
ter content; K  = model parameter. 

Guan et al. (2010) studied 13 prediction equations 
for the prediction of shear strength and recommend-
ed a new equation for prediction of drying and wet-
ting shear strength. However, this particular equation 
involves a model parameter related to plasticity in-
dex of soils. 

Garven and Vanapalli (2006) used the Equation 
(4) for prediction of shear strength with K as a func-
tion of plasticity index. Equation (4) has also pre-
dicted shear strength close to measured values ac-
cording to Guan et al (2010). 

Using Equation (4), the model parameter K is cal-
culated for tested soils by minimizing squared sum 
of normalised residuals. The results are tabulated in 
Table 4. It was assumed that au  is zero. Another 
assumption is that matric suction, )( wa uu  = 
100,000 kPa when the moisture content is zero for 
all the tested soils.  

Each tested soils has four sets of data of measured 
shear strength and measured suction. Measured shear 
strength m  was obtained at 0%, 10%, 20% and 
25% (or 30%) from the direct shear test with normal 
stress of 28.5 kPa. The corresponding suction value 

)( wa uu  or   at 0%, 10%, 20% and 25% (or 30%) 
was obtained from SWCC. Three sets of data of each 
soil tested were used for curve-fitting and K  was 
calculated. With respect to the range for K values, it 
was presumed that K should be between 1 and 9 for 
coarse soils.  

The last set of data was used for prediction by 
comparing estimated shear strength and measured 



shear strength. The squared sum of normalized re-
siduals between measured shear strength and esti-
mated shear strength (SSNR2) is included Table 4. 
The low values of SSNR2 indicate that the curve-
fitting is better. 
 

Table 4. K values for shear strength prediction of tested soils. 

Soil No. K SSNR2 

Soil 1 6.83 0.006242 

Soil 2 6.92 0.010902 

Soil 3 9.00 0.077215 

Soil 4 9.00 0.033225 

Soil 5 8.75 0.005477 

Soil 6 9.00 0.010367 

Soil 7 6.54 0.010093 

Soil 8 9.00 0.004320 

Soil 9 3.91 0.001811 

 
Matsushi and Matsukura (2006) recommended the 

following Equation (5) for predicting cohesion of 
unsaturated soils from moisture content: 

w
c Ce   'tan'               (5) 

where c  = cohesive shear strength of unsaturated 
soil; ' = net normal stress; ’ = effective internal 
friction angle; C  = maximum cohesion (kPa); w  
= volumetric water content;   = susceptibility co-
efficient. 

Equation (5) is the second equation for predicting 
shear strength used in this paper. The model parame-
ters of Equation (5) such as C,' and  are calculated 
using EXCEL SOLVER using optimization tech-
nique. Instead of volumetric water content, gravimet-
ric water content was used. It was assumed that pore 
air pressure is zero. The model parameters of Equa-
tion (5) are shown in Table 5.  

 
Table 5. Model parameters C,' and  of tested soils. 

φ 

C - Ultimate 

cohesion 

(kPa) μ SSNR3 

20.89 45.91 1.19 0.000830 

24.99 56.45 1.32 0.010778 

19.79 44.39 1.15 0.007009 

17.59 47.06 0.94 0.000915 

20.99 64.84 2.30 0.003438 

24.99 66.25 1.59 0.018573 

24.99 70.47 1.90 0.000614 

16.12 35.33 1.93 0.002975 

16.50 42.59 1.59 0.003925 

 
The curve-fitting is better due to the low values of 

squared sum of normalized residuals between meas-
ured shear strength and estimated cohesive shear 
strength (SSNR3). 

The predicted shear strengths using Equations (4) 
and (5) are presented in Table 6. Prediction accura-
cy  is defined as follows: 

me  /                     (6) 

where m is measured shear strength; e is estimated 
shear strength; 

 
Table 6. Predicted shear strengths of tested soils. 

Soil 

No. 

 

m  

(kPa) 

e  from 

Equa-

tion (4) 

(kPa) 

 from 

Equa-

tion (4)  

e  from 

Equation 

(5) (kPa) 

 fro

m 

Equa-

tion (5)  

Soil 1 29.00 30.48 1.05 30.61 1.06 

Soil 2 23.00 24.16 1.05 23.94 1.04 

Soil 3 22.00 22.48 1.02 20.71 0.94 

Soil 4 18.00 16.47 0.91 20.72 1.15 

Soil 5 19.00 23.23 1.22 15.47 1.03 

Soil 6 28.00 29.14 1.04 28.81 1.03 

Soil 7 21.00 20.53 0.98 20.72 0.99 

Soil 8 22.50 20.55 0.91 22.28 0.99 

Soil 9 20.00 24.71 1.24 25.90 1.00 

 
Table 6 demonstrates that both Equations (4) and 

(5) predict the shear strength within 0.9% to 1.2% of 
measured values. 

As engineers are interested in the low suction 
range, the following third equation is proposed to 
predict the shear strength in the low suction range: 

'tan)/1('tan)('  M
uan Cuc        (7) 

where  = shear strength of unsaturated soil;      
c’ = effective cohesion; ’ = effective internal fric-
tion angle; n  = normal stress; au  = pore air pres-
sure;   = matric suction; uC = coefficient of uni-
formity; M  = model parameter. 

In Equation (7), uC  was considered as a parame-
ter because the matric suction is affected by porosity 
which in turn a reflection of grading of soils. It was 
assumed that au is zero. From direct shear test re-
sults 'c and ' are obtained at various moisture con-
tents when n is 28.5 kPa. From SWCC,  is 
worked out at the corresponding moisture contents. 
The model parameter M is calculated from EXCEL 
SOLVER using optimization technique. For curve-
fitting Equation (7), the values of   used were 
from the range of 0 to 10,000 kPa. The results are 
tabulated in Table 7. 

From Table 7, low values of squared sum of nor-
malised residuals (SSNR4) show that the curve-
fitting is robust. Prediction accuracy varies from 0.9 
to 1.2 of measured strength. 

 
 
 
 
 



Table 7. Predicted shear strengths at suction range of 0 to 

10,000 kPa. 

Soil 

No. M  SSNR4 

 

m (kPa) 

e from 

equa-

tion (7) 

(kPa)    

Soil 2 3.54 0.010623 23.00 24.17 1.05 

Soil 3 5.00 0.009249 22.00 22.30 1.01 

Soil 4 5.00 0.026498 18.00 16.47 0.91 

Soil 5 2.53 0.002842 19.00 21.01 1.11 

Soil 6 5.00 0.006878 28.00 29.14 1.04 

Soil 7 3.13 0.002074 21.00 20.54 0.98 

Soil 9 4.19 0.001670 20.00 24.76 1.24 

5 CONCLUSIONS 

Direct shear tests on the remoulded samples ob-
tained from rainfall-induced landslide sites revealed 
that shear strength reduces when the moisture con-
tent increases. The reduction in shear strength in-
creases when moisture content is increased. 

Prediction of shear strength of unsaturated soils 
using Equations (4) and (5) under low normal stress 
(28.5 kPa) was done within 0.9% to 1.2% of meas-
ured shear strength. 

The proposed Equation (7) for the suction range of 
0 to 10,000 kPa was also predicted shear strength 
within 0.9% to 1.2% of the measured values. This 
proposed Equation (7) is in a simple form. 

Using direct shear test results, suction tests using 
filter paper technique and particle size distribution 
tests, it is possible to predict the shear strength of 
unsaturated soils within an acceptable range under 
low normal stress conditions. 
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