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1 INTRODUCTION 

Previous analyses of geotechnical problems such as 
retaining wall, bearing capacity and slope stability 
assumed fully dry or fully saturated conditions due 
to the uncertainties associated with the unsaturated 
soil conditions. In the last two decades, therefore, 
applications of unsaturated soil mechanics to ge-
otechnical problems has received significant atten-
tion by researchers. However, studies based on both 
experimental and numerical analyses of, for exam-
ple, lateral earth pressure problems have been quite 
limited in the literature. Only a few works have in-
volved the incorporation of unsaturated mechanics 
into numerical modelling of retaining walls (Pufahl 
et al. 1983; Vo & Russell 2014). Experimental 
works using physical modelling of retaining walls 
penetrating into unsaturated coarse materials such as 
sand to investigate wall displacement are also lim-
ited. Vo and Russell (2014) conducted an experi-
mental work on retaining wall using an unsaturated 
silty sand sample. In terms of the numerical study, 
Vo and Russell (2014) extended the slip line theory 
to unsaturated soils for a retaining wall case study. 

On the other hand, application of numerical mod-
elling such as computational limit analysis (CLA) 
based on upper bound theorem to unsaturated prob-
lems is also scarce. Shwan and Smith (2014) extend-
ed the scope of the CLA, to include unsaturated soil 
behaviour in a way that can deal with any geometry 
and loading configuration.    

The aim of this paper is to investigate the effects 
of partial saturation on the wall displacement, 
strength and the failure mechanism for unsaturated 
sand, both experimentally and numerically. 

2 MATERIALS AND METHODS 

2.1 Soil type and index properties 

In this study, raw sand, which is commonly found in 
Koya, Iraq, was first washed through a set of sieves 
to remove particles passing through sieve No. 200. 
This is to eliminate the range of suction that can be 
applied later in the physical modelling. The remain-
ing sand on each sieve was then oven-dried over-
night. The dried sand portions were then mixed to-
gether. Figure 1 shows the particle size distribution 
curve for the tested sand. Physical properties of the 
sand are shown in Table 1. The soil was classified as 
poorly graded sand (SP) according the Unified Soil 
Classification System (USCS). 

 

2.2 Retaining wall rig 

Appropriate dimensions of the rig were selected ac-
cording to the anticipated failure mechanism devel-
oped. The failure mechanism was obtained using 
Rankine’s method and a research version of Limit-
State:GEO software. Shwan and Smith (2014) modi-
fied the software so that it can be used in the field of 
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unsaturated soil mechanics (see Appendix A). The 
Rankine method was based on a simplified failure 
mechanism as shown in Figure 2, while the software 
can model the full failure mechanism. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Particle size distribution curve for the tested sand. 

 
Table 1. Physical properties and shear strength parameters for 

used sand. 

 
Several heights of the wall (220 mm, 240 mm and 
260 mm) were assumed and then the failure mecha-
nism was obtained using the Rankine method. The 
suggested penetration depths were 60, 80 and 100 
mm, respectively for the three stated heights. The 
analysis was based on the shear strength parameters 
for sand used in saturated conditions shown in Table 
1. The saturated internal friction angle was obtained 
using a direct shear test at a displacement rate of 0.6 
mm/min. 

The estimation of the failure zone for the three 
wall heights using Rankine’s method showed that 
the failure mechanism, in the active zone, extends to 
widths of about 12, 16 and 20 mm, respectively. 

Figures 3 (a), (b), (c) and (d) show the failure 
mechanisms obtained using the LimitState:GEO 
software for the three selected heights. The wall was 
modelled at the saturation condition, being a less 
conservative case. The numerical results obtained by 

the software showed wider failure mechanism as the 
Rankine method is more conservative approach. 
Although the height of 260 mm did not extend to hit 
the boundary of the chamber, the 220 mm wall 
height (less penetration depth) was selected to pro-
vide larger wall displacement (after the application 
of a surcharge) that can be recorded by an installed 
gauge.     

Based on the above calculation, a chamber made 
of glass sheet (6 mm thickness) of 700 mm length, 
150 mm width and 400 mm height, was therefore 
constructed (see Fig. 4). The glass sheet was provid-
ed to minimize the effect of friction between the 
chamber walls and the soil. The outer frame of the 
rig was constructed to prevent lateral displacement 
during the loading stage to ensure plane-strain con-
ditions. 

The experimental depth of soil used in this study 
was 300 mm (less depths were obtained by the Ran-
kine method and the software). This is to increase 
the range of applied suction within the soil using a 
higher depth of the soil. 
 

 
 
 
 
 
 
 
 
 
 

 
Figure 2. Slip planes within a soil mass using the Rankine 
method. 

 

2.3 Direct shear test 

A series of direct shear tests were conducted for the 
sand in both fully dry and saturated conditions at 
three normal stresses of 50, 100 and 200 kPa. The 
fully saturated sample was prepared using the water 
pluviation technique. Figure 5 shows the results 
from the direct shear tests on the dry and saturated 
sand at the same density presented in Table 1. For 
each case, two tests were conducted, denoted as 1 
and 2 in Figure 5. The corresponding shear strength 
parameters are also given in Table 1. The peak in-
ternal friction angle and cohesion in Table 1 were 
obtained for the best fit line in Figure 5.  

 
 

 
 

 
 

Index property  

Grain size distribution  
Sand content % 100 
Coefficient of uniformity 2 
Coefficient of curvature 0.94 
D10 

D30 

D60 

Gs 

0.17 
0.24 
0.35 
2.65 

Soil Properties  
Dry unit weight (kN/m3) 
Saturated unit weight (kN/m3) 

15.4 
19.4 

Void ratio, e 0.68 
Shear strength parameters at peak  

Cohesion, c (kPa) 
Internal friction angle,  , (degrees) 

0 
36.8 
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Figure 3. Failure mechanisms obtained by LimitState:Geo 
software at fully saturated condition (a) penetration depth D = 
100 mm; (b) D = 80 mm and D = 60 mm. 

 
 
 
 
 
 
 
 
 
 
 

 

 
Figure 4. Designed retaining wall rig. 

2.4 Sample preparation for physical modelling 

The dry and saturated samples were prepared using 
dry and saturated pluvialtion techniques, respective-
ly. 

 The oven dry sand was poured into the chamber 
at zero distance from the bottom of the box. For the 
fully saturated sample, the amount of water required 

 

Figure 5. Direct shear results for tested sand for fully dry and 
saturated case. 

 
to saturate the sample was first placed in the cham-
ber, then the sample was poured below water level. 

A precise procedure for the sample preparation 
was required to obtain a homogeneous and uniform 
specimen at the same void ratio and unit weight used 
for the direct shear tests (shown in Table 1). There-
fore, the specimen height was divided into six equal 
layers of 50 mm thickness where mass of each layer 
has previously been determined. 

The wall (220 mm height made of a smooth glass) 
was installed carefully during the pouring. After the 
completion of the sample preparation, a dial gauge 
was installed horizontally on the wall at a distance of 
50 mm from the top of the wall to measure the hori-
zontal displacement of the wall due to the applica-
tion of a static surcharge. 

For the fully saturated case (water level at the sur-
face of the sample in the active side), the sample was 
left at least for 2 hours to ensure that there is no 
change in water level.  

For unsaturated samples, the water level was low-
ered (to apply the desired suction) to the surface of 
the passive side. The maximum applied suction was 
1.56 kPa (suction head = 160 mm). The applied suc-
tion head was the distance from the soil surface of 
the active side to the surface of the passive side.     
After the successful application of suction, the 
chamber was covered carefully by a piece of latex 
membrane to avoid water evaporation and then left 
for 1 day for the equilibrium purposes. 

Once the test was started, the surcharge was ap-
plied in 7 stages, each 0.37 kPa. The time between 
each stage was 140 seconds (the gauge almost 
stopped to record any wall displacement after this 
time). At the end of each loading stage, the wall dis-
placement was recorded. 
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3 PHYSICAL AND NUMERICAL RESULTS  

For the physical modelling, two tests (denoted as test 
No. 1 and 2 in the figure’s caption, see Fig. 6) were 
conducted at three conditions: dry, saturated and un-
saturated. Figures 6 and 7 present the wall displace-
ment against applied surcharge for tests No. 1 and 
No. 2.  

Higher wall displacement was recorded for the dry 
case. The wall displacement for the saturated speci-
men was reduced by about 45% when it was com-
pared to the fully dry case at the surcharge value of 
2.59 kPa. It is intriguing that the lower wall dis-
placement was obtained for the unsaturated case 
while compared to the fully saturated or fully dry 
cases. A reduction of about 84% and 70% was ob-
tained (at the surcharge value of 2.59 kPa) when the 
unsaturated specimen was compared to the fully dry 
and fully saturated specimens, respectively. For the 
unsaturated case, water content was w = 24%. This 
is corresponding to a degree of saturation of 93%. 

The water content was calculated for samples tak-
en at the surface of the specimen (in the active side) 
at the end of the test. Similar to the results of test 
No. 1, minimum wall displacement was obtained for 
the unsaturated case for the test No. 2 as shown      
in Figure 7. 

The lower wall displacement (higher strength) for 
the unsaturated case was attributed to the effect of 
the menisci among the particles. The hypothesis was 
that, when soil desaturated (suction increased), the 
drying created aggregations of the particles. The ag-
gregation changed the soil fabric, which was also 
observed by Toll and Ong (2003), Fern et al. (2014) 
and Shwan (2015). Shwan (2016) conducted a par-
ametric study on the total passive earth pressure 
where the results showed an increase of total passive 
thrust by 54.2% when an unsaturated case was com-
pared to a fully saturated case for a frictional wall. 
This was attributed to the influence of the unsaturat-
ed condition. 

As stated previously, Shwan and Smith (2014) 
and Shwan (2015) modified the research version of 
the LimitState:Geo software to account for the ef-
fects of partial saturation on strength. In this study, 
the modified version of the software was utilised and 
extended to carry out a parametric study on the col-
lapse load. Figure 8 shows the collapse load versus 
surcharge at three different conditions: dry, saturated 
and unsaturated. The dry and saturated unit weight 
values and shear strength parameters shown in Table 
1 were used in the model. For the unsaturated case, 
capillary rise height, an unsaturated parameter re-
quired for the unsaturated case in the modified soft-
ware, was assigned as 0.3m (at the surface of the 
sample on the active side). This is because of the 
high degree of saturation obtained for the unsaturat-
ed sample (93%). For more details with regards to 

the unsaturated parameters see Shwan and Smith 
(2014) and Shwan (2017). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. Experimental results for the dry, saturated and un-
saturated cases for test No. 1. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 7. Experimental results for the dry, saturated and un-
saturated cases for test No. 2. 

 
It is intriguing that a significant increase in collapse 
load for the unsaturated case was obtained. For ex-
ample, an increase by a factor of 3.4 and 5.5-fold 
can be obtained when comparing the unsaturated 
case at the surcharge of 0.37 kPa (beginning of the 
curve in Fig. 8) to the dry and saturated cases, re-
spectively.  

Figure 9 represents the collapse load versus a 
range of internal friction angle values from 36o to 
45o. The difference between the unsaturated case 
and other cases is significant. The implication of 
Figure 9 is that, the internal friction angle of sand 
can be increased due to application of suction 
(changes in soil fabric). Shwan and Smith (2015) 
conducted a series of direct shear tests on dry and 
unsaturated sands where an increase in internal fric-
tion angle up to 7.5 degrees was obtained. Wheeler 
and Sivakumar (1995) and Röhm and Vilar (1995) 
also obtained an increase in internal friction angle 
due to partial saturation conditions. 
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Figure 8. Collapse load versus surcharge obtained by modified 
LimitState:Geo software at  = 36.8o. 

 
Figure 9. Collapse load versus internal friction angle obtained 
by the modified LimitState:Geo software at different saturation 
conditions. 

 
Finally, the effect of unsaturated conditions on failure 
mechanism was also investigated in this study using 
the modified LimitState:GEO software as shown in 
Figure 10. The unsaturated case shows a wider failure 
mechanism compared with the fully dry and saturated 
cases. It appears that the unsaturated failure mode (Fig. 
10c) is more of a horizontal sliding than a wall rota-
tion. This leads to a wider failure mechanism and 
might be more likely to happen in soils with additional 
cohesion due to unsaturated conditions. The mecha-
nisms of this effect are not clear at present and are un-
der further investigation. 

 
 
 
 
 
 
 

 

                    (a) 
 

(b) 

 

(c) 

 
Figure 10. Failure mechanisms obtained by the modified   
LimitState:Geo software at  = 36.8o for the (a) fully dry (b) 
fully saturated and (c) unsaturated case. 

4 CONCLUSIONS 

A series of physical tests for a sheet pile wall, 220 
mm high, penetrating into sand were conducted at 
three different conditions: dry, saturated and unsatu-
rated. A reduction of about 84% and 70% in wall 
displacement was obtained when the unsaturated 
specimen was compared to the fully dry and fully 
saturated samples at a static surcharge value of 2.59 
kPa, respectively. The hypothesis of this increase of 
strength, reduction in wall displacement, was at-
tributed to the effect of unsaturated condition. In 
other words, when suction increased, the drying cre-
ated aggregations of the particles leading to changes 
in soil fabrics. The analysis was then extended to 
perform a parametric study using a modified re-
search version of the LimitState:GEO software that 
accounts for the effects of partial saturation on 
strength. In the numerical analysis, the collapse load 
increased by a factor of 3.4 and 5.5-fold when com-
pared with the unsaturated case, at a static surcharge 
of 0.37 kPa, to the dry and saturated cases, respec-
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tively. The parametric study was also extended to 
obtain failure mechanism where unsaturated samples 
showed a deeper and a wider failure mechanism.  

 
 

5 ACKNOWLEDGEMENTS 

The author would like to thank Dr. Colin C. Smith, 
lecturer at the University of Sheffield, for his revi-
sion of this paper and also for providing a free    
license of the LimitState:GEO software. I would al-
so like to express my sincere gratitude to Dashne Sa-
lah and Lava Ali for their help to perform the exper-
imental part of this study.  

6 REFERENCES 

 

Fern, J., Soga, K. & Robert, D.J. 2014. Shear strength and 
dilatancy of partially saturated sand in direct shear tests. 
In Proc., TC105 ISSMGE Int. Symp. on Geomechanics from 
Micro to Macro, Taylor & Francis, London: 1391-1396.  

Pufahl, D.E., And, D.G., Fredlund, A. & Rahardjo, H. 1983. 
Lateral earth pressures in expansive clay soils. Canadian 
Geotechnical Journal 20: 228-241. 

Röhm, S.A. & Vilar, O.M. 1995. Shear strength of an 
unsaturated sandy soil. In Proceedings International 
Conference on Unsaturated Soils. Paris. 

Shwan, B. 2016. Analysis of passive earth thrust in an 
unsaturated sandy soil using discontinuity layout 
optimization. In E3S Web of Conferences 9: 08018. EDP 
Sciences. 

Shwan, B.J. 2015. Experimental and Numerical Study of the 
Shear Strength of Unsaturated Sand. PhD Thesis, The 
University of Sheffield. 

Shwan, B. 2017. Effect of soil cappilarity on total passive earth 
pressure of unsaturated soils. In 3rd International 
Conference on New Advances in Civil Engineering: 45.  

Shwan, B.J. & Smith, C.C. 2014. Application of limit analysis 
in unsaturated soils: numerical and experimental study of 
bearing capacity. In Unsaturated Soils: Research and 
Applications - Proceedings of the 6th International 
Conference on Unsaturated Soils, UNSAT 2014 Sydney, 
Australia: 1757-1762. 

Shwan, B.J. & Smith, C.C. 2015. Investigation of the shear 
strength of unsaturated sand using a modified direct shear 
apparatus. VXI ECSMGE. Edinburgh: 3353-3357. 

Smith, C.C. & Gilbert, M. 2007a. Application of discontinuity 
layout optimization to plane plasticity problems. Proc. R. 
Soc A 463: 2461–2484. 

Smith, C.C. & Gilbert, M. 2007b. New upper bound solutions 
for layered soil bearing capacity problems using 
discontinuity layout optimazation. 10th Australia New 
Zealand Conference on Geomechanics, Brisbane. 

Toll, D.G. & Ong, B.H. 2003. Critical-state parameters for an 
unsaturated residual sandy clay. Géotechnique 53: 93-103. 

Vo, T.A. & Russell, A.R. 2014. Slip line theory applied to a 
retaining wall–unsaturated soil interaction problem. 
Computers and Geotechnics 55: 416-428. 

Wheeler, S.J. & Sivakumar, V. 1995. An elasto-plastic critical 
state framework for unsaturated soil. Geotechnique 45: 35-
53. 

 

 

 

APPENDIX A 

 

Following Smith and Gilbert (2007a) and (2007b) in 
the presence of water, the rate of internal energy dis-
sipation and work done against body forces for the 
problem of a Mohr-Coulomb material with self-
weight 𝛾, cohesion 𝑐 and angle of friction Ø col-
lapsing as a set of sliding blocks where each discon-
tinuity (or interface) 𝑖  between adjacent sliding 
blocks has relative shear and normal displacement 
jumps of 𝑠𝑖 and 𝑛𝑖  can be written as: 
 𝐸 = ∑(𝑐𝑖𝑙𝑖𝑠𝑖 + 𝑈𝑖𝑛𝑖 + 𝑊𝑖𝑠𝑖 𝑠𝑖𝑛𝜃𝑖 + 𝑊𝑖𝑛𝑖𝑐𝑜𝑠 𝜃𝑖)𝑚

𝑖=1  

                                      (A1)       
where m is the number of interfaces, and Ui and Wi 
are respectively the pore water force on, and weight 
of the strip of soil above interface i and 𝑙𝑖, 𝜃𝑖  are the 
length of interface i and the angle of interface i to 
the horizontal. For a limit analysis approach,      
ni =|si|tan∅.  

In order to compute the value of U in Eq. A1 for 
use in the DLO formulation in a partially saturated 
soil, the following integration is required: 
 𝑈 = ∫ 𝑠 𝑆𝑟 . 𝑑𝑙𝐿0                           (A2)      
 

where L is length of the discontinuity; s is suction 
and Sr is degree of saturation. Equation A2 was ap-
plied for different positions of water table (dry, satu-
rated and unsaturated conditions) and at various fail-
ure angles. 
 


