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1 INTRODUCTION 
 
Physical modelling is a powerful tool which has 
been used to simulate the real behaviour of full-scale 
various geotechnical problems through the use of 
appropriately-sized models (Askarinejad et al., 2015, 
Askarinejad et al., 2012). While element tests are 
frequently used to obtain soil parameters and predict 
soil behaviour, they fail in providing observations of 
how soil and structures interact in reality. For this 
reason, physical modelling is a better approach to 
understand the behaviour of soil-structure systems. 
However, when performing small-scale experiments 
on soil samples, the boundaries may influence the 
test set-up and lead to unrealistic outcomes. 

Boundary effects in physically modelling has been 
a topic of interest for many years, and examined to 
different extent for various applications. Three broad 
categories of methods – namely comparison with 
empirical correlation, numerical methods and exper-
imental analysis – exist to identify boundary effects: 
I) Comparison with empirical correlations is possi-
bly the most popular method due to its ease in appli-
cation. This method compares experimental results 
from confined physical models with empirical corre-
lations for the free field situation developed from an 
extensive database for specific purposes. The differ-
ence between these two sets of results indicates the 
presence of boundary effects and allows the experi-
mental results to be corrected. One example is the 
use of calibration chambers for cone-penetration 
tests (CPT) which is crucial ensuring free-field 
measurements for CPT probe. Many empirical corre-
lations for cone resistance in free-field condition ex-

ist for different types of sands and require typical in-
puts such as relative density and stress ratio. Cham-
ber size effect curves, developed from an extensive 
database of calibration chamber tests using clean sil-
ica sand, was used by Salgado et al. (1998) to show 
boundary effects in calibration chambers. 
Balachowski (2006), in his recommendation of free-
field values of cone resistance for Lubiatowo Sand, 
referred to the empirical correlation developed by 
Baldi et al. (1986) to quantify the boundary effects. 
Relying on the empirical correlations developed by 
Jamiolkowski et al. (2003), Butlanska et al. (2010) 
has produced chamber correction factors for 3D Dis-
crete Element Modelling using Ticino sand.  

Numerical method is another category of methods 
employed to identify, and later eliminate, boundary 
effects. In this case, the soil is modelled numerically 
under different conditions until further changes to 
the same condition do not affect the results signifi-
cantly. This is best exemplified in Ullah et al. (2014) 
during the investigation of lateral boundary effect in 
centrifuge modelling of spudcan penetration. They 
analysed the soft clay resistance using large defor-
mation finite element (LDFE) method for different 
strongbox dimensions. By plotting the normalised 
penetration depth to nominal bearing capacity for 
these tests, it is found that at certain distance away 
from the spudcan, increasing the strongbox dimen-
sions do not affect the results. Lateral boundary ef-
fects from the strongbox is thus negligible.   

The final category of methods for boundary ef-
fects investigation is experimental analyses. For this 
approach, experimental data are collected through 
appropriate instrumentation and analysed rigorously. 
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Schnaid and Houlsby (1990) examined experimental 
data from cone-pressuremeter systematically to de-
duce that boundary effects are present for all relative 
densities of sand, especially in dense samples, in cal-
ibration chambers for CPT. A more telling example 
comes from Coelho et al. (2003), where the adverse 
effect of the Equivalent Shear Beam (ESB) container 
is clearly demonstrated in the dynamic centrifuge 
modelling of sand liquefaction. Through pore water 
pressure transducers and accelerometers, it is found 
that the soil dynamic response, as well as the pore 
water pressure, is significantly altered near the con-
tainer boundaries.  

From the review of various categories of methods, 
it is apparent that the methods of boundary effects 
investigations are specific to the situation and have 
different drawbacks. Empirical correlations give a 
good and fast approximation of the boundary effects, 
but they may not be a suitable empirical correlation 
for all physical modelling set-up. On the other hand, 
numerical methods are usually time-consuming, due 
to the large strains involved, and the implementation 
has to be carried out carefully to obtain reliable re-
sults. Under certain conditions, experimental anal-
yses may provide a more realistic understanding of 
the boundary effects. 

In this paper, an experimental analysis to investi-
gate the effects of boundary effects by varying the 
lateral distance between a strip footing and the wall 
of the strongbox at 1g condition is exemplified. This 
involves examining the load-displacement curve of 
the footing as it penetrates into the soil at a shallow 
depth, and performing particle image velocimetry 
(PIV) analysis of the process. These two tools com-
plement each other as they are able to convey the 
soil response in terms of bearing capacity and de-
formation during the footing penetration.     

Image analysis is a common and suitable tool to 
analyse the deformation in the soil domain for ge-
otechnical modelling (White et al., 2003, 
Rechenmacher and Finno, 2004, Askarinejad, 2013, 
Take, 2015), allowing strains throughout the speci-
men to be detected without the use of instrumenta-
tion. For this experimental analysis, PIV Matlab 
module geoPIV_RG (Stanier et al., 2015) has been 
used to compute strains in the soil domain. 

In addition, the use of soft boundaries (SB) to 
compensate for the effect of boundary closeness by 
allowing extra compressibility of the surrounding 
soil is looked into. During the experimental investi-
gation of cone penetration in silt, Paniagua et al. 
(2013) used neoprene paddings with the intention of 
reducing the hard boundary effect. Although the 
study explained that the selection of thickness and 
mechanical properties of the neoprene paddings was 
based on finite element (FE) calculation, there was 
no mention of the properties of the paddings or elab-
oration of the FE analysis. Hence, it is worthwhile to 
explore in this research the effectiveness of soft lay-

ers in reducing boundary effects through load-
displacement curves and soil domain strain analysis. 

2 PHYSICAL MODELLING 

2.1 Soil Characterisation  

The soil used in the experiments is yellow-white 
Merwede river Sand from the Netherlands. The sand 
consists of more than 96% quartz with its shape 
ranging between sub-angular and sub-rounded with 
medium sphericity. The specific gravity of the river 
sand was calculated to be 2.647. The grain size of 
the particles varies between 0.6 mm and 1.18 mm, 
with a D50 of 0.92 mm. The minimum and maximum 
void ratios were found to be 0.52 and 0.72, respec-
tively. Through repeated direct shear tests, the criti-
cal angle of internal resistance is known to be 29.0°. 

2.2 Sample Preparation 

The samples were prepared using the travelling plu-
viation method addressed by Lo Presti et al. (1992). 
In this method, the hopper spreader containing the 
sand moves horizontally at a constant speed and 
height above the strongbox where the sand will be 
placed. The hopper spreader is made up of a plastic 
container with uniform circular orifices aligned in a 
row. The sand density is then regulated by control-
ling the orifice diameter and adjusting the falling 
height of grains. From repeated trials, this method is 
proven to produce relative densities between 55-
92% for the chosen sand.  

2.3 Test Set-Up 

2.3.1 Strongbox 
The strongboxes used in the experiments are made 
of transparent acrylic glass, aluminium and PVC. 
Marker points, which are essential in calibrating the 
images, are placed on the inner side of the acrylic 
surface. Two sizes of strongboxes were used (SB-A 
& SB-B) during the experiments. The  dimensions 
are specified in the following table: 
 
Table 1.  Strongbox Dimensions (mm) 
Strongbox Length  Breadth  Height  

SB-A 410 147 165 

SB-B 205 133 150 

2.3.2 Loading Condition 
Displacement-controlled loading tests – at a speed of 
0.08 mm/s – are conducted. The actuator is connect-
ed to the steel footing through a S-beam load cell 
(Celtron STC – 500 N), therefore allowing both the 
displacement and force applied on the footing to be 
recorded. The footings height and width are 30 mm 
and 50 mm, respectively. Their lengths correspond 



to the width of the strongbox, so that a plane strain 
condition is guaranteed. 
 

 
Figure 1 Test Environment: Canon EOS 750D Camera in the fore-

ground, Strongbox with sand sample, and Computer connected to the 

actuator and S-beam load cell in the background 

2.3.3 Image Acquisition 
To capture the activities in the strongbox for subse-
quent analysis, a digital single-lens reflex camera 
(Canon EOS 750D) is positioned 300 mm away 
from the strongbox. The camera is capable of pro-
ducing high-resolution images of 6000 x 4000 pixels 
at a reliable interval of 2 seconds. To ensure that 
high contrast images were obtained, a lamp (with in-
tensity, Luminous flux, of ~800 lumens at a distance 
of 500 mm) was continuously shone on the strong-
box during photography. 

2.4 Boundary Conditions 

For the experiments, two different lateral boundaries 
with different materials are used: 
 Boundary Type 1 (BT1) is made up of rigid mate-

rial, either aluminium or PVC. For simplicity, 
they are assumed to have the same hardness. This 
assumption is fair considering the low level of 
stresses applied on the lateral walls in the exper-
iments. 

 Boundary Type 2 (BT2) is a combination of a rig-
id material with a 3 mm-thick layer of rubber. 
The purpose of the rubber is to allow more com-
pressibility close to the lateral boundaries, so as 
to reduce the constraint effect that the rigid mate-
rial generates. The rubber has a standard Shore 
hardness of 8-13A. 

 
Regardless of the boundary types, the surface in con-
tact with the sand is lined with a thin layer of sand-
paper which has a grit size of P150, corresponding 
to an average particle diameter of 100 µm. The 
sandpaper offers a uniform roughness to all lateral 
wall materials, so that the comparison between these 
materials will be focused solely on their hardness. 

As the lateral boundaries are the main concern in 
this research, no modification is made to the bottom 
boundary of the strongbox, which is made of alu-
minium. It is also assumed that the bottom boundary 
do not have an influence on the results, and this was 
subsequently verified using PIV analysis. 

2.5 Geometry and Test Conditions 

All tests have similar model geometry. A strip foot-
ing is tested on a flat sand surface in 1g physical 
modelling condition, with the same sand depth of 
115 mm. 

Three experimental cases are designed to fulfil the 
research objectives and summarised in Table 2. 
 
Table 2. Experimental case conditions 
Test Name Case 1 Case 2 Case 3 

Strongbox SB-A SB-B SB-B 

Lateral Boundaries BT1 BT1 BT2 

 
Case 1 aims to replicate a free field condition where 
the lateral boundaries do not have an impact on the 
test results. The results from this test will be used as 
a basis for comparison with the other two cases. 
With a smaller domain, Cases 2 and 3 are intended 
to illustrate the effects of mechanical lateral bounda-
ry. However, Case 3 has soft lateral boundaries, 
which contrasts the hard lateral boundaries in Case 
2. The test environment is shown in Figure 1.  

3 RESULTS & DISCUSSION 

3.1 Load Displacement Profiles 

The load-displacement curves for all three experi-
mental cases are presented in Figure 2. The vertical 
axis of the graph is the load per unit width of the 
footing while the horizontal axis represents the foot-
ing penetration recorded during the testing. All sam-
ples were tested with a relative density of 92%. Fur-
thermore, it is expected that that higher relative 
density will give rise to greater boundary effects. 
Therefore, to demonstrate the effects clearer, the 
maximum relative density is used. This is supported 
by later discussions where the effect of relative den-
sities on boundary effects is investigated.  
 

 
Figure 2 Load Displacement Profile 



 By comparing the profiles from SB-A (Case 1) 
and SB-B (Cases 2 & 3), the influence of the lateral 
boundaries is made apparent. In the latter, there is 
higher bearing capacity and an earlier peak in the 
profile. Moreover, the curves start to diverge shortly 
after the initial 0.5 mm of penetration, with higher 
stiffness observed in the profiles using SB-B. This 
comparison not only characterise the three aspects of 
boundary effects (magnitude and occurrence of peak  
strength, and stiffness during loading) but also sug-
gests that the changes in stiffness manifest itself in 
the early stage and become increasingly pronounced. 
There is also a greater reduction in strength during 
the post-peak behaviour for Cases 2 & 3, as com-
pared to Case 1. 
 Between Cases 2 and 3, there is also significant 
differences in their profiles. With the use of soft 
boundaries, the peak strength has been delayed, the 
bearing capacity has been reduced and the stiffness 
is also decreased. However, there is a greater reduc-
tion in post-peak strength. So the soft boundaries 
have only mitigated the lateral boundary effects in 
the pre-peak and peak phases of the loading. 

The same cases are re-examined using PIV analy-
sis for greater insights into the boundary effects and 
the influence of soft boundaries. The focus will be 
placed on the peak load behaviour. 

3.2 PIV analysis 

Figure 3 shows the vectorial displacement of soil 

domain in Cases 1 & 2 at the peak strength, since it 

is found that subsequent loading only results in dis-

placements within the shear bands (Rechenmacher 

and Finno, 2004). There is little or almost no move-

ment in sand particles observed at the region near 

the lateral boundaries in Case 1. This supports the 

initial assumption that Case 1 can be considered as a 

free field condition. For Case 2, there is movement 

observed in the same region. The sand particles are 

seen to be moving diagonally upwards. 
From these observations, it can be hypothesised 

that displacement at the boundaries leads to defor-
mation, and deformation near the lateral boundaries 
is indicative of boundary effects. Hence, by examin-
ing a strip of sand domain near the lateral boundaries 
using PIV analysis and looking at changes in volu-
metric strains in the strip, the presence of boundaries 
effects can be detected. Following this hypothesis, 
no volumetric strain changes will be predicted in 
Case 1 but significant changes will be expected in 
Case 2. As for Case 3, since the soft boundaries 
permit more displacement of the soil near the lateral 
boundaries, greater deformation compared to Case 2 
will be expected. Consequently, higher volumetric 
strain changes is projected in Case 3 than in Case 2. 

PIV analysis was conducted on 25 mm-wide strip 
of soil immediately beside the lateral boundaries on 

all cases to investigate into this hypothesis. Strips 1 
– 3 correspond to Case 1 – 3, respectively. To un-
derstand the extent of reduction of the boundary ef-
fects by the soft layer, an additional strip of soil of 
the same width – hereafter known as Strip 1’ – was 
also analysed for effective comparison with Cases 2 
& 3. Strip 1’ is based on Case 1 but positioned at the 
same horizontal distance away from the footing as 
Strips 2 & 3 are. These strips are duly illustrated in 
Figure 4.  

 

 
Figure 3 Vectorial displacement of the soil domain in case 1 (top) and 

case 2 (bottom). Both images are not presented in scale. 

Two main analyses will be discussed here. First-
ly, volumetric and maximum shear strains of the 
strips at peak load were plotted for comparison in 
Figure 5. Next, the average volumetric strains in the 
strips until peak load against footing displacement 
are shown in Figure 6. As observed in Figure 5, 
Strip 1 did not show any volumetric or shear strain 
development. On the other hand, Strip 1’ reported 
dilative behaviour at the top 20 – 35 mm of the strip. 
In addition, a shear band, as seen from the maximum 
shear strain, was found to have a depth of between 
15 and 20 mm on the right of the strip 1’. In Strip 2 
where boundary effects are deliberate, there is dila-
tive behaviour at the right, which is limited to the 
top 10 – 15 mm. Its shear band developed at a shal-
low depth of about 10 mm on the right of the strip. 
Strip 3, which incorporated the soft boundary, had 
some compressive behaviour but displayed predom-
inant dilative behaviour in the top 15 – 20 mm. The 
shear band for this case was deeper than Strip 2, oc-
curring at a depth of around 15 mm. These strain 
plots point out that the soft boundaries have an im-
pact on the boundary effects. While it clearly does 
not reproduce the free field condition, the compari-
son between strips demonstrate that the soft bounda-



ries facilitate similar behaviour to the free field con-
dition. 

 
Figure 4 Schematic representation of the PIV analyses 

 
Figure 5 Strain plots of soil strips(dilation: negative) 

From Figure 6, almost no changes in volumetric 
strains were detected in Strip 1. However, Strip 1’ 
gave a slightly compressive response in the begin-
ning but after 1 mm of footing displacement, a con-
siderable increase in dilation occurs. Strip 2 has the 
same initial response but with a less pronounced be-
haviour further displacement. Strip 3 presented 
greater compressive strain in the beginning than 
Strip 1’ but begun to dilate after 2 mm of footing 
displacement and shared the same dilative behaviour 
as Strip 1’ towards the end. Again, the soft bounda-
ries seems to replicate the volumetric strain devel-
opment in the free field condition from this plot.  

 

 
Figure 6 Total volumetric strain development 

4 EFFECT OF RELATIVE DENSITY 

The role of relative density in influencing the 
boundary effects is established by many researchers, 
particularly in the field of calibration chambers for 
CPT (e.g. Schnaid and Houlsby, 1990). Many have 
compared the range of relative densities that result in 
boundary effects, and different conclusions have 
been offered for different soils. By varying the rela-
tive densities of Cases 1 and 2, the extent of lateral 
boundary effects for different relative densities can 
also be examined through this experimental analysis. 

As mentioned in Section 3.1, the boundary effects 
in the peak load of strip footing can be characterised 
by two features, which are higher and delayed peak 
strength. They can be compared with differing rela-
tive density to investigate the cessation of boundary 
effects. 

The Peak load obtained in each experiment and 
its location in terms of footing displacement which 
will be called as “Peak Load penetration Depth”, are 
represented against relative densities in Figure 7. 
Cases 1 and 2 seem to converge in the region be-
tween 50 and 60% for both features. This observa-
tion suggests that hard boundaries located at 1.55B 
(B: width of the foundation) from the edge of the 
foundation induce negligible effects with relative 
densities below 50%. 



 

 
 

Figure 7 Peak load and peak load penetration depth against relative 

density 

5 CONCLUSION 

After an examination of how boundary effects are 
identified in various contexts, an experimental anal-
ysis of the lateral boundary effects in shallow foun-
dation is carried out. Through the load-displacement 
profiles of the three experimental cases, it is found 
that the lateral boundaries produce changes through-
out the loading; there is greater stiffness in the pre-
peak behaviour, higher and delayed peak and sharp 
reduction of post-peak strength. The soft boundaries 
have only cushioned the boundary effects in the pre-
peak and peak phases, but did not improve the post-
peak behaviour. 

Subsequent PIV analysis have confirmed that the 
soft boundaries indeed mitigated the boundaries ef-
fects at peak load. The soft boundaries resulted in 
changes in volumetric strains and influenced the 
shear band such that their peak load behaviour is be-
ginning to replicate free field conditions. 
 The effect of relative density was briefly exam-
ined. Based on the magnitude and footing penetra-
tion depth of the peak load, it remains to be seen at 
which relative density peak load boundary effects 
will cease. Besides performing the experiments at 
lower densities, soft boundaries can also be incorpo-
rated to investigate if the boundary effects on peak 
load will cease at a higher relative density.  
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