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Abstract
Geotechnical performances of soil superstructure systems are strongly dependent on the properties of the soil, and
prediction of the performance of these systems in real conditions requires accurate modelling of soil parameter. It is vital
to determine the risk of damage to structures, due to soil displacement by differing some of the soil parameters. The core
objective of this project is to study the response of a soil-structure subjected to uniform loading. From this, the soil- structure
stiffness can be easily obtained. For the basis of the analysis, the soil has been assumed first elastic with individual random
variables such as Young’s modulus and Poisson’s ratio simultaneously. After the elastic displacement, known the plastic
analysis conducted. For the analysis of this project, finite element models are developed in ABAQUS to simulate vertical
uniform load of 3 kilo-Pascal (kPa) for elastic and 100 kPa for plastic deformation. Results from the analysis discussed and
comparison between the experimental values and theoretical values examined. The difference between elastic and plastic
analysis checked against the displacement. The parametric study has indicated that the E- modulus of the soil and structure
load have larger impact on the soil-structure response. Due to various variables of certain soil parameters, the selection of
specific soil with few important variables were the centre of this study, to achieve more realistic results.©

Keywords: ABAQUS; Random variables; Finite element model;
E-Modulus; Young’s modulus; Poisson’s ratio; Friction angle; Cohesion;
Elastic and plastic analysis; Soil stiffness; Soil settlement
Introduction
Smith [1] mentions, the uncertainties affected by soil variability
makes it more challenging and important to study the significant
effect on soil structures. The stochastic approach to incorporate these
uncertainties into the calculation of soil superstructure is one of the
solutions which are investigated in this project. Only few variables
studied during this research which are Young’s modulus, Poisson’s
ratio, Friction angle and Cohesion. The purpose of this study is to
incorporate the stochastic performance due to soil.
Hindmarsh clay may not be the core subject of previous research
studies therefore, it is important to see the reactivity of local soilsuperstructure behavior and to assess the risks in the geotechnical
design using Hindmarsh clay.

Methodology
Limitations in this study
The research is focused on the stiffness of a soil-structure system
considering elastic and plastic behaviour of soil. The soil characteristic
was assumed to be Hindmarsh clay, which mostly consists of silty clay
composites. The size of the soil-structure considered was limited, as
well as the type of load distribution on the sample which was uniformly
distributed. The load combinations used in ABAQUS and the total
analysis were conducted were limited to just over a 1000 trials. The
research is limited to only four soil variables;
• Young’s modulus and Poisson’s ratio were used for elastic analysis
• Friction angle and Cohesion were added up to determine the
plastic analysis. Due to limitations of soil variability only elastic and
plastic analysis were conducted in ABAQUS.

Testing of results
Moghaddasi [2] used Monte-Carlo simulation to generate
substantial number of models incorporating wide range of soil,
foundation and structural parameters. They performed over 4 million
time-history analyses over the adopted models. The results show that
effect s of foundation flexibility on the structure distortion and total
displacement of the superstructure through comparisons between the
responses of soil foundation structure models and corresponding fixed
J Civil Environ Eng, an open access journal
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base models. Moghaddasi [2] studies, the response of the superstructure
due to soil–foundation–structure interaction (SFSI) effects were
examined using two response parameters:
• Structural distortion, u, and Structural total displacement, u_str

Theory
Settlement equations
Smith [1], used few basic equations for the settlement equation used
during this research is based on the elastic settlement for all types of
soils due to a surface load which can be found from;
z

S = ∫ ε z dz
o

Where Ɛz=vertical strain
Smith [1] confirms that if the elastic body is of infinite depth, i.e.
z=Ɛ, and the stress distribution is determined from the Boussinesq
equation, the settlement equation can be simplified to:
S=

qB (1 − v 2 )
E

Is

Where, q=Value of the udl (kPa)
B=Width of loaded area (m) Poisson’s ratio of the soil
v=Poisson’s ratio of the soil
E=Elastic modulus of the soil (MPa)
Is=Settlement influence coefficient obtained from Table 1
s=Settlement in (mm)
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Statics and dynamics of soil-structure system
The soil is modeled as non-homogenous elastic and plastic, which
is governed by Hooke’s law. Therefore, the elastic properties should
be described by two parameters, the E-modulus and Poisson’s ratio.
Hooke’s law is not appropriate for soils because soils are neither linear
elastic nor isotropic. Poisson’s ratio describes how a material deforms
laterally when exposed to compressive or tensile stress. When a force is
applied along one axis the material is strained parallel and orthogonally
to that axis. The relation between these strains is represented by the
ratio which is defined between 0<X< 0.5. If the figure is set to 0.5 it
means that the volume is unchanged during deformation [3]. For this
research, random Poisson’s ratio was tested as well as fixing the average
value of 0.3 for the rest of the analysis. Plastic behavior is considered as
soil irrecoverable deformation while elastic is taken the behavior when
deformation is recoverable.

Model Development

L a y e r Thickness Cumulative
P (kG/m3)
No
(m)
thickness (m)

v

E
Friction
Cohesion
(MPa) Angle

1

8.33

8.33

1900

0.3

67

33

20000

2

8.33

16.67

1900

0.3

72

33

20000

3

8.33

25

1900

0.3

92

33

20000

Table 3: Only elastic modulus randomly changed.

coordinate system and is independent of the other parts in the model.
Although a model may contain many parts, it contains only one
assembly. The geometry of the assembly is defined by creating instances
of a part and then positioning the instances relative to each other in a
global coordinate system [4]. Thus, the soil and concrete structure were
assembled together.
Configuration is broadly categorized as an initial step and analysis
steps.
• Initial step

Creating a part/defining the model geometry
The first step in creating the model is to define its geometry. The
model is created with a three-dimensional, deformable body with a
solid, extruded base feature. The following dimensions were used to
create model.

ABAQUS/CAE creates a special initial step at the beginning of the
model’s step sequence and names it initial. It allows defining boundary
conditions, predefined fields, and interactions that are applicable at the
very beginning of the analysis.
• Analysis steps

Soil: 120 m3 × 50 m3 × 25 m3. The length of the soil sample was 120
m, width 50 m and depth was 25 m, the sample was than divided into
3 equal layers.

The initial step is followed by one or more analysis steps. Each
analysis step is associated with a specific procedure that defines the type
of analysis to be performed during the step.

Concrete structure consists of two individual parts, walls and
foundation, Foundation base=35 m ×20 m ×5 m (with 5 m depth)

Finite element analyses can create very large amounts of output.
ABAQUS allows controlling and managing this output so that only data
required to interpret the results of the simulation are produced. Thus,
the analysis is limited to give such a relevant output as displacement [5].

Rectangular Walls=35 m × 20 m ×1 m (with 1 m wide and height=10 m)
The analysis is executed for single structure case and at this stage, it
is important to decide what system of units to use in the model because
ABAQAS has no built-in system of units. Thus, the SI system of units
is used. The next step in creating the model involves defining and
assigning material and section properties to the part. Each region of a
deformable body must refer to a section property, which includes the
material definition.
In this model, non-linear elastic materials are created for both
concrete structure and Hindmarsh clay (Table 2).
During the research, out of four variables only one variable was
randomized, in every particular group of analyses. Under mentioned
table is an example of such input data into ABAQUS (Table 3).
Each part created during these analyses, oriented in respected

Shape of footing

Flexible footing

Rigid footing

Mean s

S

S at center

S at corner

Ism

Isor

Iso

Isc

0.85

0.79
0.88

Circular

1

0.95

Square

1.12

--

--

Rectangular

--

1.3

1.22

L:b=2

1.53

1.83

1.72

1.3

1.22

2.25

2.12

L:b=5

2.1

3.69

¾

0.64
circumference

Table 1: Settlement influence factors for a homogeneous soil of semi-infinite depth.
P (kG/m3)

v

E (GPa)

2400

0.3

37

Table 2: Properties of concrete structure.

J Civil Environ Eng, an open access journal
ISSN: 2165-784X

The interaction between contacting surfaces consists of two
components, one normal to the surfaces and one tangential to the
surfaces. The tangential component consists of the relative motion
(sliding) of the surfaces and, frictional shear stresses.
The contact constraint is applied in ABAQUS when the clearance
between two surfaces becomes zero. The surfaces separate when the
contact pressure between them becomes zero or negative, and the
constraint is removed. This behavior, referred to as ‘hard’ contact.
The system is subjected to a small force which does not induce slip.
Thus, for the tangential component, rough interaction is assumed as
there is no slip between the surfaces [6]. Thus, for the normal behavior
and the tangential behavior hard and rough contacts were used in all
interactions.

Applying boundary conditions and applied loads
Prescribed conditions, such as loads and boundary conditions,
are step dependent, which means that the step or steps in which they
become active is specified accordingly.
• Applying boundary conditions
Boundary conditions are applied to those regions of the model
where the displacements and/or rotations are known. Such regions may
be constrained to remain fixed (have zero displacement and/or rotation)
during the simulation or may have specified, nonzero displacements
and/or rotations. Thus, a fixed boundary is set at the bottom and at the
sides of the model.
• Applying a load
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The loads were assumed distributed load on walls and footings
of concrete structure, in elastic analysis, 1 kPa on walls and 2 kPa on
footings were applied, whoever in plastic analysis 40 kPa on walls and
60 kPa on footings were applied to examine the plastic characteristics
on module.

Designing the mesh
The Mesh module contains tools that allow generating meshes on
parts and assemblies created within ABAQUS/CAE. In the model, a
structure meshing is used. Structure meshing is a technique that gives
the most control over the mesh because it applies pre-established mesh
patterns to model topologies [7]. Considerable care is taken to optimize
the mesh size to get reliable results

Creating, running, and monitoring a job
Once defining a model is finished, the model is analyzed using the
Job module. The job module allows interactively submitting a job for
analysis and monitoring its progress.
Figure 1, shows the elastic deformation with random Poisson’s ratio.
The constant loading conditions used for elastic deformation during
this research is 3 kPa, however only above example based on increase
in load on the structure to 140 kPa, the maximum corner displacement
recorded 25 mm, while for centre the maximum displacement recorded
36.7 mm, also as load increased the lateral displacement started over 4.4
mm. That is why the elastic deformation was kept to 3 kPa only to avoid
lateral displacement; the example of it can be seen in Figure 2.

Figure 1: Elastic deformation with random Poisson’s ratio.

Method of Analysis
Elastic analysis
The first point to consider is that the loads on the model need to
be well within the elastic range of strain for all nodes of the model [8].
This ensures that there is no additional strain placed on nodes due to
neighboring nodes plastically straining. The load, which is used for the
elastic model, was sufficiently low to only be within the elastic range.
The second point that needs to be considered is a constant reference
point to take measurements from, the displacement calculated by
ABAQUS needs to be measured from the same point of each run of the
model, the nodes chosen for this project were at the centre and corner,
they are node 1452 and 2534 respectively. This eliminates minute
discrepancies and differences between different nodes and gives a
consistent displacement depending on just the varying parameter rather
than the location.
The elastic analysis requires the variation of two parameters, these
parameters are; Young’s Modulus and Poisson’s Ratio.
Analysis of Young’s modulus: The method of analysing Young’s
Modulus is slightly different to the other parameters. The reason is that
in the field Young’s Modulus and density change with depth. This is an
important feature and means that the model needs to vary with depth
[9-11]. To do this five metre layers are incorporated into the model
design to allow for this with the third and final layer being semi-infinite,
Young’s Modulus can be different for each layer.
An excel spread sheet is setup for Young’s Modulus, since this
analysis is only considering the variation of Young’s Modulus, Poisson’s
Ratio is kept constant. The soil layers of the model are divided into three
sections, each section has a different Young’s Modulus with the top
layer having the least and the bottom layer having the highest. This is
achieved by dividing the entire possible range of Young’s Modulus into
three sections, the lower bound is the range for the first layer, the middle
range is for the second layer, the upper bound is the range for the third
layer, Young’s modulus is then randomly chosen for each layer based
on the layers available range. The spread sheet is then setup to have a
progressive average of the displacement of the foundation’s centre
and the corner, when the graph of the progressive average plateau’s,
this represents that there is sufficient test results to characterize the
parameter’s displacement distribution [12-14].
Analysis of Poisson’s ratio: The setup for Poisson’s ratio is a bit
easier than Young’s modulus, for this analysis Poisson’s ratio is assumed
to be the same across all layers this may not reflect all field scenarios
however variation of Poisson’s ratio between layers is sufficiently small
to be ignored [15].
To begin with an excel spread sheet is setup with both Young’ s
Modulus and Poisson’s Ratio, for this set of analysis Young’s Modulus
is kept constant and Poisson’s Ratio varies [16]. The excel spread sheet
is setup using the excel function “rand between” to choose a number
between 20 and 40, this number is then divided by 100 so that it is
within the range of 0.2 and 0.4, with each value being used for each run
of ABAQUS.

Plastic analysis

Figure 2: Max load of 140 kPa and recorded max deflection at the centre.
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The main point that needed to be considered in the plastic analysis
was the requirement that the load on the structure needed to be increased
to make sure as many points as possible were within the plastic range of
strain. After a number of quick tests, a load of 50 kPa was decided upon
as this pushed the centre and corner measurement into plastic strain
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without overstraining the soil in the model [17]. The same points were
applied for the measurements as the elastic analysis. This gave us the
best comparison possible between the varying of individual parameters
and their effect on the displacement.
Analysis of internal angle of friction: The setup for the internal
angle of friction was very similar to that of the previous elastic analysis,
the main difference being that in the plastic analysis the Mohr-Coulomb
plasticity was included in the analysis. The values for the elastic analysis
were taken as the middle value of the parameter range; this represents
the three ranges for the Young’s Modulus and the range for Poisson’s
Ratio [7]. The additional parameters required for the Mohr-Coulomb
plasticity were internal angle of friction and cohesion as the two, which
we would eventually vary, and the dilation angle and the absolute plastic
strain which were both left constant at 0.1 and 0 respectively.
An excel spread sheet, was created for the internal angle of friction,
in this spread sheet the constant values that were used in the elastic
analysis and cohesion were listed for each run. The excel function “rand
between” was used to randomly choose a number for the internal angle of
friction between the stated range of 25 to 43. This was then used in each run
of ABAQUS to find the displacement range and frequency [13].
Analysis of cohesion: The setup for the cohesion parameter is
not different to the setup for the internal angle of friction beyond the
difference in range and the Internal Angle of Friction becoming constant
[18]. A spread sheet was setup, for cohesion with all the required
parameters included and left constant, the cohesion was changed by
using the excel function “rand between” to return a cohesion value
between the stated 10 kilopascal and 30 kilopascal range, since the
unit being used for this setup in ABAQUS is Pascals the excel function
was set between 10,000 and 30,000. The value of cohesion was input
into ABAQUS for each run of the model until the progressive average
settlement of the chosen nodes of the model plateaued. This represented
that enough data was acquired to setup the required frequency graphs.

Displacement analysis
The results that were obtained from the model for each parameter
were then used to construct a histogram of the data, this would indicate
the best probability distribution choice for each of the parameters
[11,16]. The required values for the best probability distribution
for each of the parameters were then found using the displacement
obtained from ABAQUS, for each respective parameter. A graph of
the predicted displacement probability distribution is then generated
to indicate the probability function likely if millions of tests were
performed. The theoretical settlement for each test, as calculated by
equations, goes through the same process of finding the best probability
function and predicted displacement probability distribution assuming,
the theoretical distribution and the experimental distribution are
consequently compared and discussed.

Parameter Distribution
Research was conducted into the typical ranges for each parameter
of Hindmarsh clay which were required by ABAQUS.

Variables

Min

Max

Reference

72.82*

97.76

GeotechnicalInfo.com
in 2007

0.2

0.3*

0.4

Environment UK,
viewed Oct in 2011

riction (Degrees)

25

34*

43

GeotechnicalInfo.com
in 2007

Cohesion (kPa)

10

20

30

GeotechnicalInfo.com
in 2007

Young's Modulus
(MPa)

47.88

Poisson's Ratio

Average

Internal Angle
of F

*It should be noted that the average for Young’s Modulus, Poisson’s Ratio and
Internal Angle of Friction were not available. It was assumed that the average was
in the middle of the range.
Table 4: Parameter ranges.

0.58

0

20

40

60
Iterations

80

100

120

Figure 3: Young’s Modulus varied, centre progressive average settlement.

Figure 4: Poisson’s Ratio varied, centre progressive average settlement.

Ratio and internal angle of friction were not available. It was assumed
that the average was in the middle of the range.
Using the ranges stated in the previous sub-section an excel spread
sheet was constructed; it contained columns for each parameter, with
Young’s Modulus having one column for each layer. This base worksheet
was copied three more times, each representing a varying parameter
[6]. Each of the varied parameters were randomized down the column
using the “ran between” function, with the other parameters being held
constant at their average (Young’s Modulus had its range divided into
three, one for each layer, so it was average of the layer’s range).

Results and Discussion
The results from this investigation are stated in this section the
full data is shown in appendices, all information in this section are
important extracts from the data set, not the whole data set itself.

Progressive average

The parameters that were required for the projects are, Young’s
Modulus, Poisson’s Ratio, Internal Angle of Friction and Cohesion
[19]. They are described in this section in relation to Hindmarsh clay,
it is noted that Hindmarsh clay is considered a Silty Clay [4] this was
particularly useful in finding the ranges of each parameter.

It needs to be noted that the elastic analysis was completed with
a 3-kilopascal load, whereas the plastic analysis was completed with a
50-kilopascal load. The centre progressive averages, chosen as they took
the longest to plateau, for each of the varied parameters are given below
in the following graphs:

The ranges of each parameter are as follows in the Table 4 below:

The centre progressive average settlement from Figure 3 seemed
to begin to plateau around 100 iterations of the experiment. Once the
progressive average seemed to plateau the average was assumed to not

*It should be noted that the average for Young’s Modulus, Poisson’s
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alter much more with more iterations. The change in Young’s Modulus
often produced rapid changes in soil displacement; this represents an
early indication that Young’s Modulus is a sensitive variable in soil
settlement.
The centre progressive average shown in Figure 4 above does not
show any rapid and sharp changes in average, it also plateaued quite
early in the iterations at roughly 75 iterations. As there are no rapid and
sharp changes in average it was an early sign that displacement is not
very sensitive to changes in Poisson’s Ratio.

Displacement (Centre)

Figure 9: Young’s Modulus centre histogram.

As can be seen from Figure 5, the graph plateau is after 150 iterations,
during which there were very few large sharp spikes in average. There
are some smaller spikes in average though; this would indicate a change
in Internal Angle of Friction has a medium amount of sensitivity to the
displacement outcome.
As can be seen from Figure 6, the graph plateaued after 110 iterations
however there were still spikes in average but centred on the same area,
throughout the entire graph there are significant spikes in average. This
gives an early indication of displacement’s high sensitivity to changes
in cohesion.

Figure 5: Internal angle of friction varied, centre progressive average settlement.

Figure 6: Cohesion varied, centre progressive average settlement.

Displacement (Corner)

Figure 10: Young’s Modulus corner histogram.

Displacement
The results from the experiment gave an early indication of
sensitivity through the progressive average settlement graphs in the
previous sub-section. The data has been displayed against the value of
the varied parameter in question in this section to further investigate the
displacement’s sensitivity to change in each of the plasticity parameters.
Only the plastic variables are being viewed as the data from the elastic
analysis tended to bounce between two values, due to the low loading
of the structure [20]. The graphs of this can be seen as follows of each of
the plastic parameters.
Figure 7 above shows a graphical representation of the sensitivity
of the displacement to changes in internal angle of friction. The low
slope of the trend line shows that the Internal Angle of Friction is not a
very sensitive variable. One major outlier is not on the trend line, this
represents the presence of a small error to be discussed in the later titled
section.
As shown in Figure 8 above, the cohesion seemed to have a high
sensitivity to the outcome of the displacement but was dependent
upon what the cohesion was, the lower the cohesion the higher the
displacement. Overall, there are a couple of minor outliers that once
again represent some sort of error present in the process and will be
discussed further in the relevant section.

Histograms

Figure 7: Internal angle of friction vs. displacement.

Figure 8: Cohesion vs. displacement.
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The histograms are an important part of determining the type of
probability density curve to be used to characterize the probability of a
displacement outcome. This can also help to show whether enough data
was obtained to properly characterize the probability of a soil settlement
value. It should be noted that the histograms use the progressive average
settlement values to construct the histograms [21]. The histograms
shown in this section are ordered into the centre displacement and
corner displacement for each of the parameters, they are as follows.
The histograms shown below are for the centre and corner
respectively, it can be seen in Figure 9 that there appears to be a general
shape of a normal distribution curve however in situations there are
higher frequency outliers in the lower end of the displacement axis, this
shows that the data obtained is reasonable but not the best. In Figure
10, there does not appear to be any discernible shape to the histogram,
there is a normal distribution curve beginning to shape however it still
means that the data for Young’s Modulus in general is reasonable but
not the best [21,22].
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The following two histograms are for the centre and corner
displacement respectively by varying Poisson’s Ratio. In Figure 11,
there does appear to be excellent shape to histogram clearly showing a
normal distribution curve, there is one outlier in the lower end of the
displacement axis however, this is reasonable and of no major concern
as it is consistent with a normal distribution curve. The data for the
centre displacement appears to be of good quality and enough to
properly characterize the displacement probability for Poisson’s ratio.
In Figure 12 above, there is a very clear indication of a normal
distribution curve, the peak is clearly centreed in the middle of the
displacement range of the axis and is not skewed in either direction.
This shows that enough data was collected to properly characterize
the corner displacement. Overall, the data quality for this parameter is
excellent and should properly characterize the displacement probability
for Poisson’s Ratio.
The following two histograms are of the centre and corner
displacement respectively, the varying parameter is the Internal Angle
of Friction. In Figure 13 below there is some indication of a normal
distribution shape emerging from the histogram. The quality of data
based from this is good as the shape is present in the histogram.
In Figure 14 above there is a very clear normal distribution curve

Displacement (Centre)

Figure 11: Poisson’s Ratio centre histogram.

Displacement (Corner)

Figure 12: Poisson’s Ratio corner histogram.

Displacement (Centre)

Figure 13: Internal angle of friction centre histogram.

forming, this indicates a displacement probability curve shaped as such.
There does appear to be some displacements that are more frequent
than others so appear to alter the shape of the histogram, however
overall the data for the Internal Angle of Friction is good enough to
characterize the displacement probability curve.
The two following graphs are the centre and corner displacement
histograms for the varied parameter cohesion. In Figure 15, there is
a similar shape to the normal distribution curve that can be seen, the
range of the histogram is quite broad. The quality of the data based off
this histogram is good.
In Figure 16, there is a clear normal distribution curve appearing
in the histogram. It is very clear and contains very few high frequency
outliers. Overall, the data obtained for cohesion is of excellent quality
and should be enough to properly characterize the displacement
probability curve.

Probability distributions
The probability distributions are constructed by using the shape that
is apparent in the histogram to construct an estimated displacement
probability density curve [23]. This can be quite useful in finding the
probability of a displacement being exceeded at a particular site. The
probability distributions that were generated for each of the parameters
are as follows.
In comparison to the histogram that was shown for both the centre
and the corner in the previous sub-section, there does appear to be
some significant differences. The spread of the data for the centre and
corner sections in the histograms Figures 9 and 10 are more as it is
based on the progressive average. The data therefore shows that the
average settlement in Figure 17 for the centre slightly deviates from the
progressive average centreed histogram.
The probability curves below, Figure 18 are of the displacement
probability for both the centre and the corner. The biggest thing to note
is that once again the corner probability distribution is less spread than
the centre. This will be discussed in a later section.
As a comparison of Figure 18 to the Poisson’s Ratio histograms
of Figure 11 and Figure 12 for centre and corner respectively there
appears to very close similarities between the centres of the progressive
average histograms and the averages seen in the figure above. The
spread of data is roughly the same as well as the corner does not deviate
away from 0.4 too much and the centre does not deviate from 0.5 much
more either.
It can be seen from Figure 19 that the spread of data for the corner
displacement probability curve was very low especially when compared
to the centre displacement probability curve which relatively speaking
has a larger spread. This is in contrast the progressive average settlement
histograms of Figures 13 and 14 which show that the average settlement
spread was inverted, the centre had a very low spread and the corner
had a larger spread. This seems to indicate that the average settlement
will deviate very little from the centre but the outcome of that average
settlement will be spread out and the inverse is the case for the corner.
As can be seen from Figure 20 below there is a similar spread of
data for both the centre and the corner displacement probability
curves. The corner is slightly more concentrated and will be discussed
in a later section.

Displacement (Corner)

Figure 14: Internal angle of friction corner histogram.
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The above figure in comparison to the cohesion histograms for
centre and corner Figures 15 and 16 are quite similar. The spread of
data for the progressive average histogram and the above figure appear
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to have slightly different ranges however but the shape appears to be
quite similar.

Theoretical settlement
The theoretical settlement was calculated using the equations
mentioned in Section 3. After the calculation of the theoretical
settlement, it became quite apparent that there was large difference in
settlement, as it would often be twice as large as the values obtained
through the ABAQUS experiment.
It could be attributable to the theoretical settlement calculation

Displacement (Center)

Figure 15: Cohesion centre histogram.

Figure 20: Cohesion displacement probability centre and corner.

using the average Young’s Modulus between the three layers not the
settlement at each of the layers. It should also be noted that a large
potential factor for this is that ABAQUS included the resistive force
generated by the foundation [21,23] and walls itself whereas the
theoretical settlement assumed all the load from the building was
transferred to the soil.
The difference between the theoretical settlement and the practical
values obtained from ABAQUS represent the role that is played by the
foundation and the walls in resisting loading forces and reducing the
transference to the soil.

Recommendations and Conclusion
Displacement (Corner)

Figure16: Cohesion corner histogram.

Figure 17: Young’s Modulus displacement probability centre and corner.

The major outcome of this investigation has been the role that
is played by the foundation and the structure itself in the resistance
to loading and how this affects the soil beneath it. The investigation
revealed the parameters, which effect the displacement most sensitively,
are the two that seemed to affect the displacement the most were
Young’s Modulus and Cohesion.
The soil model which was created in ABAQUS indicated large
strains under the 50-kilopascal load, due to the time restriction
earthquake loading (lateral loading in general) could not be attempted.
It is possible to make a prediction as to what the outcome would have
likely been with further investigation, as it would be likely that since the
50 kilopascal was at the limit of the lower extremity of cohesion that the
lateral loading would likely make the soil fail. As mentioned in Section
7.2 the settlement could not be calculated for cohesion less than 16.4
kilopascals as the strain was too large for ABAQUS and was assumed
fail. This shows that if lateral loading was to be attempted a reduction
in load would be required to properly evaluate the soil.
It can be seen in the graphs from Section 7.4 that the 90% confidence
interval can be read from the cumulative probabilities curves for each
of the parameters in the centre and the corner. It does need to be noted
that due to the rounding error in ABAQUS the distribution is likely
smaller than it would otherwise be therefore the settlement at this 90%
confidence should be taken as an indication only.

Figure 18: Poisson’s Ratio displacement probability centre and corner.

The following are recommendations for future investigation:
• Create model in millimeters to increase precision.
• Complete more tests for each parameter to verify the probability
curves; recommend at least 2000 per parameter.
• Work on varying multiple parameters to study the effect on the
structure and soil.
• Make the model wider and higher to ensure it is semi-infinite.
• Model the effect of bigger or more buildings or both.

Figure 19: Internal angle of friction displacement probability centre and corner.
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• Make load a varying parameter.
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In conclusion, the project provided an excellent opportunity to
study the structure-soil interaction and the limitations of the system and
was very useful and in learning and developing an interest in the topic.
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