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1 INTRODUCTION 

Geotechnical structures are mainly designed assum-
ing the soil is in a fully saturated or dry condition. 
The common reasons for focusing on the study of 
saturated soils in the soil mechanics is that a soil has 
its worst mechanical situation (regarding to strength, 
bearing capacity, and settlement) when the soil is at 
the saturated condition which may be foreseen dur-
ing the lifetime of many geotechnical projects. 
However, many geotechnical works are associated 
with unsaturated soil Conditions. Complete satura-
tion is rarely reached and exists only in the soils un-
der groundwater level. Thus natural soil deposits ex-
ist at relatively low moisture contents over much of 
the earth (Boso 2005), the behaviour of which is 
more complicated, leading to developing our under-
standing to model their actual behaviour. Despite 
these significant advances, our capability to predict 
unsaturated soil behaviour is far from entirely satis-
factory (Kodikara 2012). 

The effective stress in unsaturated soils is differ-
ent from that in saturated soils due to the changes in 
inter-particle forces with degree of saturation associ-
ated primarily with capillarity and adsorption mech-
anisms (Lu and Likos 2004; Baker and Frydman 
2009; Hossain and Yin 2014). However, the use of a 
single-value effective stress permits unification of 
the behaviour of unsaturated and saturated soils in 
terms of shear strength and volume change. The re-
lationship between the degree of saturation and soil 

suction is described by soil-water retention curve 
(SWRC) (McQueen and Miller 1974), and is closely 
related to the definition of effective stress in unsatu-
rated soils. 

Several types of apparatus can be used for deter-
mining the shear strength behavior of unsaturated 
soils after modifying them in order to be suitable for 
applying to unsaturated specimens which enable 
them to control or measure the suction during the 
shearing stages (see e.g. Bishop and Donald 1961; 
Caruso and Tarantino 2004; Escario and Saez 1986; 
Fredlund et al. 1978; Gan et al. 1988; Hormdee et al. 
2005; Nam et al. 2011). Direct shear testing is par-
ticularly more desirable owing to its simplicity, and 
suitability for testing a wide range of soils (Simoni 
and Houlsby 2006) as well as because the specimen 
is relatively thin and the drainage path is relatively 
much shorter, requiring less time to reach failure of 
the soil specimen under drained condition (Gan et al. 
1988). Accordingly, this study presents results from 
a series of direct shear tests on an unsaturated silty 
sand at a range of relative densities to better under-
stand the combined effects of suction and relative 
density on shear strength.  

2 MATERIALS AND METHODS 

2.1 Sand tested 

Experiments were conducted on a silty sand soil at 
four different relative densities, namely 0 and 40, 70, 
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and 90% to study the role of soil degree of saturation 
on the suction stress and shear strength of the soil. 
These relative densities are categorized to loose, 
medium, dense, and very dense soil. Grain size dis-
tribution of the soil is shown in Figure 1 and some of 
the basic characteristics of the soil are provided in 
Table 1. Also, relevant properties of the sand at rela-
tive densities of 0, 40, 70, and 90% are presented in 
Table 2. 

 

 
Figure 1. Grain size distribution for the silty sand. 

 
 

Table 1. Geotechnical properties of the silty sand 
Characteristics Value 
Soil classification (according to USCS) SM 

10
D  (mm) 0.059 

30
D  (mm) 0.091 

50
D  (mm) 0.135 

60
D  (mm) 0.161 
Specific gravity, sG  2.64 
Maximum dry unit weight, ( kN /

3
m ) 15.5 

Minimum void ratio, 
min

e  0.68 
Minimum dry unit weight, ( kN /

3
m ) 13.6 

Maximum void ratio, maxe  0.90 
Coefficient of curvature, 

z
c  0.87 

Coefficient of uniformity, uc  2.73 
Fines content (<0.075 mm, %) 22 

 

 
Table 2. Properties of soil at different relative densities  

Relative 
Density, 

r
D  
(%) 

Dry unit 
weight, 

γd 
( kN /

3
m ) 

Void 
ratio, 

e   

Drained 
friction 
angle, 

'ϕ  
(degree) 

Effective 
cohesion, 

'c  
(kPa) 

0 13.6 0.90 31.0 0 
40 14.3 0.81 32.6 0 
70 14.6 0.77 34.5 0 
90 15.3 0.70 36.3 0 

 

2.2 Direct shear testing program 

Direct shear tests under vertical stresses of 50, 100, 
and 200 kPa were performed in constant water con-

tent condition on compacted specimens of sand hav-
ing seven initial degrees of saturation of 0, 4, 16, 30, 
60, 90 and 100%. The compaction curve for the silty 
sand is flat, so changes in soil structure are not ex-
pected during compaction at different initial degrees 
of saturation. After mixing the soil with tap water to 
reach a given degree of saturation, the moist soil was 
kept in airtight bags for 24 hours to reach moisture 
equilibrium. The soil specimens were then compact-
ed into the direct shear box to reach the initial rela-
tive densities of 0, 40, 70, and 90% and the different 
initial degrees of saturation mentioned above. Shear 
stresses were applied to the specimens in a strain-
controlled manner with a rate of 1 mm/min. The re-
lationships between shear stress and horizontal dis-
placement of the soil at various initial degrees of 
saturation for relative densities of 0, 40, 70, and 90% 
are shown in Figure 2. Area correction was applied 
in calculating both the vertical and shear stresses for 
all tests at different relative densities.  

The relationship between vertical displacements 
and horizontal displacement for the silty sand soil 
under various degrees of saturation for these relative 
densities are also shown in Figure 3. The results in 
Figure 3 were used to evaluate changes in the degree 
of saturation during shearing, which were found to 
be negligible (a maximum change of less than 1%). 
Consequently, the initial degree of saturation can be 
used to interpret the shear strength values at failure. 
Further, as the degree of saturation likely did not 
change significantly during shear, it can be assumed 
that suction changes are negligible for this soil dur-
ing constant water content shearing.  

The displacement at the point of shear failure in 
the experiments was defined as that occurring at the 
peak value of the mobilized secant friction angle 
shown in Figure 4. The shear stress values from 
Shear strength- Horizontal displacement at the cor-
responding displacement values were then defined 
as the shear strength, an approach similar to that 
used by Ghaaowd et al. (2017). This approach was 
advantageous in interpreting the point of shear fail-
ure in specimens at relative density of 0% and the 
wetter specimens of the soil at relative density of 
40%, which tended to show a continuous increase in 
shear stress with horizontal displacement as shown 
in Figure 2. The trends between shear strength and 
initial degree of saturation of the sand compacted to 
the initial relative densities of 0, 40, 70, and 90% is 
shown in Figure 5. An increase in shear strength 
with vertical stress and a nonlinear trend in shear 
strength with degree of saturation are observed.  

 



 

 

 

 
Figure 2. Shear stress vs horizontal displacement for the un-
saturated silty sand specimens at initial relative density of 0, 
40, 70, and 90% (Note: Numbers in legend are from left to 
right: relative density, vertical net stresses, and initial degrees 
of saturation, respectively). 

 

 

 

 
Figure 3. Vertical displacement vs horizontal displacement 
during shearing at initial relative density of 0, 40, 70, and 90% 
(Note: Numbers in legend are from left to right: relative densi-
ty, vertical net stresses, and initial degrees of saturation, re-
spectively). 
 



 

 

 

 
Figure 4. Mobilized secant friction angle vs horizontal dis-
placement for the soil at initial relative densities of 0, 40, 70, 
and 90% (Note: Numbers in legend are from left to right: rela-
tive density, vertical net stresses, and initial degrees of satura-
tion, respectively). 

2.3 SWRC 

The contact filter paper method was used for the de-
termination of the SWRCs of the soil at relative den-

sities of 0 and 40, 70, and 90%. Ash-free, low rate, 
Whatman No. 42 filter paper with 2.5 micrometer 
pore size was used. The SWRC data was fitted with 
the SWRC model of van Genuchten (1980), given as 
follows: 
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in which Se is the effective saturation and is calcu-
lated as follows: 

1
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in which Sr is the degree of saturation, Sres is the re-
sidual saturation, (ua-uw) is the soil matric suction, 
and α and n are fitting parameters. The SWRC data 
along with the fitted model of van Genuchten (1980) 
for the silty sand at relative densities of 0, 40, 70, 
and 90% are shown in Figure 6. The air-entry values 
(AEV), the residual states of saturation (Sres), and 
the van Genuchten (1980) SWRC parameters are 
summarized in Table 3. 
 

 
Figure 5. Variation of shear strength of the silty sand with de-
gree of saturation for different initial vertical net stresses of 50, 
100, and 200 kPa at relative densities of 0%; 40%; 70%; and 
90%. (Note: Numbers in legend are from left to right: relative 
density, and vertical net stresses, respectively). 

 

 
Figure 6. SWRCs of the soil at different relative densities 

 



Table 3. Values of residual state, air entry value (AEV), and 
fitting parameters for the soil at relative densities of 0 and 40, 
70, and 90%.  

Parameter 
Relative density, Dr (%) 

0 40 70 90 
AEV (kPa) 2.92 2.27 1.67 1.44 

res
S , (%) 0 0 0 0 
α (kPa-1) 0.16 0.20 0.28 0.34 
n 2.04 2.08 2.14 2.40 

 
The effective stress in unsaturated soils is affected 

by the matric suction and degree of saturation within 
the soil. There are a number of models that present 
different equations for determining the effective 
stress in unsaturated soils (Bishop 1959; Khalili and 
Khabbaz 1998; Nuth and Laloui 2008; Öberg and 
Sällfors 1997; Vanapalli and Fredlund 2000)  Lu et 
al. (2010) proposed the following equation for the 
determination of effective stress in unsaturated soils: 

' ( ) s

auσ σ σ= − −  (3) 

where sσ is the suction stress, σ is the total stress, 
and ua is the pore air pressure. For simplicity, the 
suction stress can be defined as the product of the ef-
fective saturation and the matric suction. In this 
case, the matric suction can be determined using the 
effective saturation from the SWRC obtained from 
Equation (1) and, therefore, the following equation 
can be used for the determination of suction stress:  

1/1( 1)
n

s ne n
e

S
Sσ

α
−= − −  (2) 

For interpretation of direct shear tests on unsatu-
rated specimens, the Mohr‐Coulomb failure criterion 
can be written as follows in terms of the suction 
stress: 

' '{( ) }tans

f ac uτ σ σ ϕ= + − +  (3) 

where fτ is the shear stress at failure at a given effec-
tive saturation, c′ is the drained cohesion (typically 
assumed to equal zero for uncemented soils), and 

'ϕ is the drained friction angle, which is assumed to 
be equal to the friction angle obtained from direct 
shear tests on saturated soils and is invariant to the 
degree of saturation or matric suction (Bouazza et al. 
2006; Oh et al. 2011).  

The failure envelopes for the unsaturated silty 
sand under different initial degrees of saturation are 
shown in Figure 7. Values of the drained friction an-
gles and apparent cohesion along with the coeffi-
cients of determination, 2

R , for the different failure 
envelopes are listed in Table 4. The apparent cohe-
sions were determined as the ordinate intercepts of 
the failure envelopes, which were assumed to have 
the same slope for each relative density. However, 
as expected, the internal effective friction angle 
based on the peak shear strength increases with in-
crease in the relative density of the soil, minimum 

and maximum of which were obtained as 31° and 
36.3° for the soil at relative densities of 0 and 90%, 
respectively. Due to the area corrections made for 
horizontal and vertical stresses during shearing, ac-
tual stresses at time of failure were higher than those 
at the start of shearing. 
 

 
Figure 7. Failure envelopes in terms of net vertical stress for 
the silty sand under different initial degrees of saturation at rel-
ative densities of: 0% (black lines); 40% (red lines); 70% (blue 
lines); and 90% (green lines). 

 
Table 4. Values of residual state, air entry value (AEV), and 
fitting parameters for the soil at various relative densities. 

rS  

 (%) 

Relative Density, Dr 

0% 40% 70% 90% 

app
c  

kPa 

2R  
app

c  

kPa  

2R  

 

app
c  

kPa 

2R  

 (%) 

app
c  

kPa 

2R  

0  0.00 0.9866 0.00 0.9976 0.00 0.9842 0.00 0.9851 
4 1.07 0.9989 1.21 0.9986 3.77 0.9878 5.00 0.9946 

16 1.17 0.9865 2.05 0.9989 3.54 0.9880 4.96 0.9970 
30 1.32 0.9947 1.91 0.9999 2.96 0.9923 4.22 0.9901 
60 1.20 0.9891 1.71 0.9987 2.27 0.9839 3.10 0.9980 
90 0.65 0.9944 0.89 0.9942 1.12 0.9869 1.55 0.9893 

100 0.00 0.9933 0.00 0.9917 0.00 0.9979 0.00 0.9669 

 
Values of suction stress estimated from the SWRC 

and the model of Lu et al. (2010) as obtained from 
Equation (4), and values estimated from the failure 
envelopes (Equation 5) are shown in Figure 8. The 
degree of saturation is the same as the effective satu-
ration for this soil as the residual saturation is zero. 
A good match between the predicted and measured 
values is obtained. For the model of Lu et al. (2010), 
the curve of maximum suction stress for the tested 
soil is also presented in Figure 8 (Blue curve). By 
increasing the relative density of the soil, greater 
values of suction stress are obtained at lower degrees 
of saturation. The maximum suction stress of a 
denser soil occurs at a lower degree of saturation. 
Specifically, for the soil at relative densities of 0 and 
90%, the maximum values of suction stress were ob-
tained at degrees of saturation of 48 and 18%, re-
spectively. 



 
Figure 8. Variations of suction stress of the silty sand with de-
gree of saturation at various relative densities. 

3 CONCLUSION 

Results of this study demonstrate that the initial rela-
tive density of the soil has a significant impact on 
the SWRC, shear strength and effective stress estab-
lished in the unsaturated soil tested. For the denser 
soil, larger matric suction was established inside the 
soil, leading to a higher increase in shear strength. 
Also, the results show that the shape of the stress-
displacement curve and corresponding failure mode 
in the soil during shearing is affected by the degree 
of saturation and the relative density. An increase in 
relative density of the unsaturated silty sand tested 
resulted in an increase in its shear strength and suc-
tion stress. As the relative density increased, the dif-
ference between the shear strength of saturated and 
unsaturated soils increased. This indicates that con-
sidering the behaviour of soils under fully saturated 
condition may be more conservative for denser soils. 
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