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1 INTRODUCTION 

The bearing capacity of a shallow foundation can be 
estimated either analytically or experimentally. The 
in-situ plate load test, based on vertical loading and 
surface settlement behaviour, is one of the most reli-
able testing procedures for estimating a shallow foun-
dation’s bearing capacity. In arid or semi-arid regions 
where the groundwater table is relatively deep, in-situ 
plate load tests are typically conducted on a soil in an 
unsaturated state. For any case involving consistently 
unsaturated soil, the influence of matric suction 
should be included in the analysis of in-situ plate load 
test results (Oh and Vanapalli 2011). However, doing 
so is often time-consuming and cumbersome. For this 
reason, a numerical analysis (i.e. finite element anal-
ysis, FEA) may be used as an alternative for predict-
ing bearing capacity by analyzing the applied vertical 
stress versus surface settlement behaviour (hereafter 
referred to as SVS behaviour) while considering the 
matric suction distribution profile induced by a 
groundwater table (GWT) and environmental factors. 

A matric suction distribution profile is generally 
not uniform, but instead, it varies nonlinearly with 
depth. As such, a well-defined matric suction distri-
bution profile will improve one’s ability to reliably 
estimate SVS behaviours for shallow foundations in 
unsaturated soils. Acquiring matric suction measure-
ments from the soil surface down to the GWT adds to 

the difficultly of conducting an ideal and comprehen-
sive analysis. When gathering subsurface data, ge-
otechnical engineering practice commonly accepts 
the concept of defining a significant depth for deter-
mining how far below the surface a site investigation 
is necessitated before further data acquisition be-
comes trivial. In the present study, this concept has 
been extended towards simulating SVS behaviours 
for a footing on the surface of unsaturated sand. A 
significant depth was defined down to which only that 
portion of the matric suction distribution profile was 
considered significant in terms of its contribution to-
wards shear strength and, consequently, bearing ca-
pacity. Commercial finite element software, 
SIGMA/W (GeoStudio 2016, Geo-Slope Int. Ltd.) 
was used for numerically modelling for three scenar-
ios with distinct GWT depths. 

2 AVERAGE MATRIC SUCTION VALUE 

A matric suction distribution profile is typically not 
uniform with respect to depth in the field. Taking this 
into account, Oh et al. (2009) proposed the concept of 
an ‘average matric suction value’, yAVG, to assign a 
uniform yet nevertheless representative matric suc-
tion value to the portion of soil being considered up 
to a desired depth. Average matric suction value is 
defined as the magnitude of suction at the centroid of 
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the suction distribution diagram from 0 to 1.5B (i.e. 
from the surface to the significant depth). This is the 
zone where stresses due to loading on shallow foun-
dations are most predominant (Poulos and Davis 
1974). 

Agarwal and Rana (1987) performed model foot-
ing loading tests (B × L = 100 mm × 100 mm, 150 
mm × 150 mm, 200 mm × 200 mm) on sand to study 
the influence of matric suction on settlement behav-
iour by varying the depth of water tables. Figure 1 
shows their results where footing settlement is not af-
fected when the water table is below 1.5B (Dw > 1.5B) 
Settlement starts then increasing as the water table ap-
proaches the proximity of 1.5B. A relationship be-
tween the water table correction factor, Cw, versus 
depth of water table below the footing, Dw, describes 
this behaviour. 
 

 

 

Figure 1. Relationship between water table correction factor 
(Cw) and depth of water table below footing base (after Agarwal 
and Rana 1987). 

 
The significant depth for a shallow footing is as-

signed according to its dimensions. For example, con-
sider Figure 2 which depicts identical loads applied to 
two square footings, or plates, with different dimen-
sions. The resultant stress bulb for the smaller footing 
(B1) does not propagate to the same extent as the 
stress bulb caused by the larger footing (B2). Assum-
ing the same matric suction distribution profile for 

each case (i.e. GWT1 = GWT2), the average matric 
suction value for the smaller plate, yAVG1, will be 
greater than that of the larger plate, yAVG2 as shown in 
Figure 2(a)(b). Furthermore, for a given plate size, the 
average matric suction value will vary depending on 
the depth of the groundwater table (i.e. yAVG2 ≠ yAVG3 
in Figure 2(b)). In the present study, separate analyses 
evaluated significant depths of 1.5B and 2B, which 
produced unique average matric suction values for a 
given GWT. Hydrostatic pore-water pressure was as-
sumed for soils both below and above the groundwa-
ter table based on the experimental program presented 
by Mohammed and Vanapalli (2006). 

 

 

Figure 2. Average matric suction values for different footing 
sizes corresponding to non-uniform matric suction distribution 
profiles (Vanapalli and Oh 2013).  
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3 SOIL PROPERTIES 

This study simulated a series of model footing tests 
on the surface of Unimin 7030 sand (hereafter re-
ferred to as sand). Basic soil properties of the sand are 
summarized in Table 1. 
 
Table 1. Summary of properties of Unimin 7030 sand. 

Index property  

Effective cohesion, c’ (kPa) 0 
Effective internal friction angle, f’ (°) 36.3 
Specific gravity, Gs 2.65 
Saturated unit weight, gsat (kN/m3) 19.7 
Coefficient of uniformity, CU 2.17 
Coefficient of curvature, CZ 0.82 
Unified Soil Classification System (USCS) SP 

 
The grain-size distribution curve and soil-water 

characteristic curve (SWCC) of the sand are shown in 
Figure 3 and Figure 4, respectively. A best-fit analy-
sis for the SWCC was obtained using the model pro-
posed by Fredlund and Xing (1994) (Eq. (1)). The air-
entry value (AEV) and the residual suction value (yr) 
of the sand were determined to be 4 kPa and 7.8 kPa, 
respectively, by conventional graphical procedures 
(Vanapalli et al. 1999). 
 

 
Figure 3. Grain-size distribution for Unimin 7030 sand. 

 

 
Figure 4. Soil-water characteristic curve for Unimin 7030 sand. 

 

  (1) 

The correction function, C(y), is defined as: 

  (2) 

where θ(y) = volumetric water content corresponding 
to suction; y, e = Euler’s number; and a, m, n = fitting 
parameters taken as 9.1638, 16.544, and 4.8624, re-
spectively. 

4 NUMERICAL ANALYSIS 

Numerical analyses were carried out using commer-
cial finite element software, SIGMA/W (ver. 2016, 
Geo-Slope Int. Ltd.). A round footing on the ground 
surface measuring 226 mm in diameter (with the 
equivalent area of a 200 mm × 200 mm square foot-
ing) was modelled in three axisymmetric analyses. 
Each analysis had a unique groundwater table depth 
located at either 30 cm, 60 cm or 100 cm from the 
surface. The SVS behaviours were predicted using 
the elastic-perfectly plastic Mohr-Coulomb constitu-
tive model. Loading was defined at the footing-soil 
interface as a displacement boundary condition ap-
plied at a rate of 1 mm per time step with a duration 
of 1 second per time step; horizontal displacement 
was set to null. To model the behaviours of unsatu-
rated soils, a change in the degree of saturation (or 
matric suction) due to a change in net normal stress 
should be accounted for. However, in the present 
study, the change in matric suction during the loading 
process was not considered since it was assumed that 
footings were loaded for a short period of time (Oh 
and Vanapalli 2011). Figure 5 shows the mesh and its 
boundary conditions for a typical finite element anal-
ysis. The sides of the domain were horizontally re-
strained, whereas the bottom was fixed vertically and 
horizontally. 
 

 
Figure 5. Mesh and boundary conditions used in the finite ele-
ment analysis. 
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The GWT levels were chosen such that their re-

spective resultant average matric suction values 
would fall within one of either the boundary effect, 
the transition zone, or the residual zone of the sand’s 
SWCC (Table 2). For any GWTs, a unique repre-
sentative matric suction value may be calculated for a 
given model footing size. It is defined as the magni-
tude of suction corresponding to the point located at 
the centroid of the area on the suction distribution 
profile bound by the ground surface and the signifi-
cant depth (e.g. 1.5B). The first moment of area of this 
region (indicated by the shaded region in Figure 6) 
was used to calculate the location of its centroid rela-
tive to a horizontal axis arbitrarily placed at the GWT. 
For instances where the significant depth was greater 
than that of the GWT, only the unsaturated zone was 
considered when determining the location of the cen-
troid. Figure 6 shows an estimated average matric 
suction value for a 226 mm round footing with a 
GWT set 1.0 m below the surface as an example as-
suming linear matric suction distribution profile. Es-
timation of average matric suction value for non-lin-
ear matric suction distribution profile is detailed in 
Vahedifard and Robinson (2016). 

 

 
Figure 6. Estimation for the average matric suction value corre-
sponding to a GWT at 100 cm below a 226 mm round footing 
while considering a significant depth of 1.5B. 

 
Table 2. Average matric suction values used in the FEA. 

GWT (1) 
(cm) 

yAVG 
(2) 

(kPa) 
SWCC 

 1.5B (3) 2B (3)  

30 1.96 1.96 Boundary effect zone 
60 4.43 4.10 Transition zone 
100 8.23 7.81 Residual zone 

(1) Distance from the soil surface to the groundwater table 
(2) Average matric suction value 

(3) Significant depth 

 
The shear strength of unsaturated soils, t, can be 

calculated using Eq. (3) proposed by Fredlund et al. 
(1978) 

  (3) 

where c’ = effective cohesion; f’ = effective friction 
angle; (s – ua) = net normal stress; fb = friction angle 
associated with a change in matric suction, (ua – uw). 

 
SIGMA/W adopts Eq. (4), proposed by Vanapalli 

et al. (1996) using information from the SWCC, to 
calculate the shear strength of unsaturated soils: 

 

 (4) 

where c = total cohesion; q = volumetric water con-
tent; qs = volumetric water content at saturation; 
qr = residual volumetric water content. 

 
It is evident from Eq. (4) that total cohesion, c, 

may be expressed as a function of matric suction as it 
is explicitly stated in Eq. (5) and implemented in Fig-
ure 7 to show the variation of total cohesion with 
depth for the groundwater tables relevant to this 
study. 

 (5) 

 

Figure 7. Variation of total cohesion, c, with respect to depth for 
three groundwater tables. 

 
Oh et al. (2009) proposed a model, Eq. (6), to es-

timate the elastic modulus, Eunsat with respect to ma-
tric suction for variably saturated soils. 

  (6) 
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The model requires a known elastic modulus under 
saturated conditions, Esat, the SWCC (i.e. degree of 
saturation, S versus matric suction), and two fitting 
parameters a and b. According to Vanapalli and Oh 
(2010), b = 1 and 2 can be used for cohesionless and 
cohesive soils, respectively. 

Oh et al. (2009) analysed physical model footing 
test results on Unimin 7030 sand for three square 
footing sizes: B = 37.5 mm, 100 mm, and 150 mm. A 
suggested value for a ranging from 1.5 to 2 was con-
cluded to provide conservative elastic settlements in 
engineering practice. In accordance with these find-
ings, the present study assumes a = 1.5 in Eq. (6). 

SIGMA/W does not inherently account for the var-
iation of a soil’s elastic modulus with respect to ma-
tric suction. It does, however, permit the user to relate 
the elastic modulus to the ordinate (i.e. the distance 
from the x-axis) by importing a user-defined add-in 
function while assigning soil properties. Establishing 
the ground surface of the domain along the abscissa 
simplifies coding the E versus y relationship. For any 
element’s location in the domain, the distance from 
the GWT is calculated to determine its matric suction, 
assuming a linearly distributed profile, before apply-
ing Eq. (1) to find its volumetric water content 
and, subsequently, its degree of saturation to input 
into Eq. (6). Figure 8 illustrates the variation of E for 
three user-defined soils according to the afore men-
tioned input parameters with their respective GWT.  

  
Figure 8. Variation of elastic modulus, E, with respect to depth 
for three groundwater tables.  

 
 Three independent numerical analyses were done 
for each groundwater table depth: 
 
Case I: Both c and E values vary with depth as 

shown in Figure 7 and Figure 8, respec-
tively. 

Case II: Constant c and E values corresponding to an 
average matric suction for a significant 
depth of 1.5B were uniformly assigned to 
the entire domain. 

Case III: Similar to Case II for a significant depth of 
2B. 

5 ANALYSIS RESULTS 

Figure 9 shows SVS behaviors from the FEA for var-
iable and constant soil properties (i.e. c and E). For 
the average matric suction values in the ‘Boundary 
effect zone’ and ‘Transition zone’, good agreement 
was observed between Case I and Case II (1.5B). The 
SVS behaviors using the average matric suction val-
ues in ‘Transition zone’ showed the best agreement 
for both 1.5B and 2B. However, significant discrep-
ancies were observed between Case I and Case 
II/Case III for the average suction values in the ‘Re-
sidual zone’ (i.e. GWT = 100 cm). For GWT = 
100 cm, sand was modeled as a single layer with 
c = 0.3 kPa and c = 0.5 kPa for 1.5B and 2B, respec-
tively. Compared to Case I for a 1.5B significant 
depth, the total cohesion varies from 0 to 1.63 kPa and 
up to 2.50 kPa for 2B. This led to a substantial under-
estimation of SVS behaviour when the single layer 
method was used. Based on these observations, it is 
not advisable to estimate SVS behaviour using the 
single layer method for sand with an average suction 
value in the residual zone of the SWCC. 

6 SUMMARY AND CONCLUSION 

Three sets of numerical analyses were conducted on 
sand using finite element software, SIGMA/W (Geo-
Studio 2016). Each axisymmetric analysis had a 
unique groundwater table depth and simulated a 
round footing of diameter 226 mm (with an area 
equivalent to that of a 200 mm square footing) dis-
placed at a constant rate of 1 mm per time step time 
lasting 1 second apiece. For each of the three sets of 
analyses, the results of three sub-analyses, denoted as 
Case I, II, and III, were compared. Case I emulated 
in-field conditions by varying total cohesion and the 
modulus of elasticity as functions of matric suction. 
Case II and III modelled the sand as a single uniform 
layer with properties based on a representative aver-
age matric suction value corresponding to the cen-
troid of the region within an assumed linearly distrib-
uted suction profile bound by the ground surface and 
a significant depth (i.e. i.e. the zone below a shallow 
footing where stresses due to loading are most signif-
icant). The significant depths for Case II and III were 
1.5B and 2B, respectively, where B was equal to the 
diameter of the footing. 
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Figure 9. SVS behaviors for variant and constant soil properties 
(c and E) extending the significant depth concept. 

 
 
 
 
 
 
 
 
 
 
 
 

Resultant surface stress vs settlement behaviour 
indicate that output for the single layer method and 
the emulated in-field conditions are comparable pro-
vided that the location of the groundwater table in-
duces an average matric suction value that lies within 
the ‘Boundary effect zone’ or the ‘Transition zone’ of 
the SWCC. As the magnitude of suction for unsatu-
rated sand below the footing approaches and exceeds 
its residual suction value, the single layer method 
tends to grossly underestimate settlement behaviour, 
and consequently, the sand’s bearing capacity. 

This study was limited to a single footing size to 
which the average matric suction value is a function 
of. Changing the footing size will consequently alter 
the outcomes of Case II and III since total cohesion 
and the modulus of elasticity are both functions of 
matric suction.  
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