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Abstract: This paper analyzes the bearing capacity of two-layered soil medium using finite element
(FE) software ABAQUS/CAE 2023. Although geotechnical engineers design foundations for layered
soil, majorly current geotechnical studies emphasize single homogenous soil. So, this research has
significant novelty as it focuses on layered soil and adds to the current literature. A nonlinear FE
model was prepared and analyzed to determine the ultimate bearing capacity of two-layered soil
(sandy soil over clayey soil). The Drucker—Prager and Mohr—Coulomb models were used to represent
sandy soil and clayey soil layers, respectively. Strip footing material properties were considered
isotropic and linearly elastic. This study performed parametric studies to understand the effects of
thickness, unit weight, and the modulus of the elasticity of sandy soil on the ultimate soil bearing
capacity. Additionally, it also analyzed the effect of the cohesive strength of clayey soil on layered
soil bearing capacity. Results showed that an increase in sandy soil layer thickness strengthens the
layered soil, and thus, improves the bearing capacity of soil. Increasing the sandy soil layer thickness
over footing width (h1/B) ratio from 0.15 to 2.0 improved the ultimate bearing capacities with elastic
settlements of 350 mm and 250 mm by 145.62% and 101.66%, respectively. Additionally, for a thicker
sandy soil layer, an increase in the unit weight and modulus of the elasticity of sandy soil led to higher
ultimate bearing capacity. Furthermore, it was concluded that an increase in clayey soil’s cohesive
strength from 20 kPa to 30 kPa resulted in a 24.31% and 3.47% increase in soil bearing capacity for
h1/B =0.15 and h1/B = 2.0, respectively. So, the effect of cohesion is prevalent in the case of a thicker
clayey soil layer.

Keywords: numerical modelling; bearing capacity; foundations; settlement

1. Introduction

The soil underneath the footing is typically compacted for any construction process,
and two soil layers are created because of the limited compacted area. The upper layer
remains firm and compacted, but lower layers weaken [1]. Therefore, geotechnical en-
gineers are often required to determine the ultimate bearing capacity of layered soil [2]
for designing a foundation and deriving a soil failure mechanism under the footing [1,3].
The case of a soft clay layer overlaid with compacted sandy soil or gravel is faced quite
frequently in foundation engineering [2]. Yet, existing geotechnical research mainly focused
on determining the bearing capacity of a single homogenous continuum [3]. Thus, more
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research studies on evaluating the bearing capacity of layered soil need to be published,
which depends on different soil layer thicknesses and their properties. Previous stud-
ies [3,4] stated that the first research based on the behavior of strip footing on top of sand
overlaying clay layers was done by Terzaghi and Peck [5]. Terzaghi and Peck evaluated the
ultimate bearing capacity of sandy soil overlying clay by considering the shear resistance
of the clay layer and applying the effective footing width (defined by the sandy layer’s
projection angle) directly to the lower (clay) layer [4]. Different methods to determine the
bearing capacity of footing include the limit analysis approach, semi-empirical approach,
limit equilibrium, and finite element method. Finite element methods are used nowadays
for solving various complex geotechnical [3,6-8] and structural [9-12] cases. Numerical
methods such as finite difference method (FDM) and finite element method (FEM) are ex-
tensively used to evaluate the bearing capacity of strip and circular footings [13]. ABAQUS
software has been used earlier for modeling and performing nonlinear finite element (FE)
analysis by researchers [3,9,10,14,15] and was proven to be a promising application. In this
research, the ultimate bearing capacity of soil (strip footing placed on sandy soil overlay-
ing clayey soil) was evaluated using finite element analysis. This study investigates the
effect of sandy soil thickness, soil settlement, unit weight, and the modulus of elasticity on
bearing capacity, along with the effect of the cohesive strength of clayey soil on soil bearing
capacity. Subsequently, plastic shear and vertical stress distribution were examined. The
evaluation of the ultimate bearing capacity of layered soil can be done either in analytical,
numerical or experimental methods. Researchers have utilized upper-bound limit analysis
and limit equilibrium methods to evaluate the bearing capacity of layered soil considering
the circular failure process. Later, it was found to be conservative, and the use of a rigid
block collapse mechanism was suggested [16]. So, in analytical methods, the theory of
plasticity or the finite element method may be successfully used to determine soil bearing
capacity. Some well-known semi-empirical methods to determine the bearing capacity of
sandy soil overlaying clayey soil layer are Meyerhof’s punching shear models and the load
spread model [2]. Figure 1a shows the potential failure mechanism of layered soil (sandy
soil overlaying clay layer) for a strip footing (B = footing width, D¢ = depth of foundation,
h1 = depth of top sand layer, q = uniform surcharge pressure, ¢’ = effective internal friction
angle, y = unit weight of soil, and ¢, = undrained cohesion of clay). Meyerhof and Okamura
et al. proposed punching shear models with the assumption that punching shear failure
and general failure occur in the sand and clay layer, respectively [4].

In recent times, several studies have emphasized the importance of determining
layered soil bearing capacity under various footing types such as strip [3,16-23], rectangu-
lar [7,18,24-28], spudcan [6-9,29,30], circular [31], and ring [13,32-38]. Currently, there are
no methods to determine the ultimate bearing capacity of a foundation. Although Vesic [39]
has provided some theoretical solutions and some other proposals [4] have been published
with experimental validations for their results, due to the scale effects, the test results
are found to be unreliable when compared against the full-scale prototype of footings.
Moreover, an upper bound limit analysis approach called discontinuity layout optimization
(DLO) for a strip footing was used [19] to evaluate the bearing capacity of layered soil with
sand overlaying the clay layer. The highest bearing capacity was obtained when the failure
mechanism occurred entirely in the sandy soil layer [19].

A study by Arushi et al. [27] was performed based on the punching shear mechanism
followed by a projected area approach to propose an equation for the bearing capacity for
square/rectangular footing resting on top of sandy soil overlaying a soft clay soil layer, as
shown in Figure 1b. It was found that an increase in the friction angle also increased the
soil’s bearing capacity, and the same was observed for an increase in cohesion value.
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Figure 1. (a) Potential failure mechanism for layered soil [2]; (b) potential failure in square or
rectangular footing on layered soil [27].

In a numerical study by Panwar and Dutta [7] on the bearing capacity of layered sand,
it was determined that an increase in footing height-to-width ratio to about 1.75 resulted
in increasing the bearing capacity of the soil; however, beyond this point, negligible effect
was noticed. Following this, Rakesh et al. [21] proposed a bearing capacity equation for
rectangular footing laid on layered sand with inclined loading using numerical analysis
and results agreed well with previous studies. Nonlinear finite element analysis [3] was
performed using ABAQUS for a layered soil medium (clay over sandy soil) underlying a
strip footing. Results deduced that a higher amount of clay leads to a significant reduction
in the ultimate bearing capacity and increase in soil settlement under the footing.

Based on the reviewed literature, it was found that geotechnical engineers currently
design foundations situated on layered soil. Yet, most lab-based studies emphasize the
investigation of a single homogenous continuum [3]. Hence, further research is required
to study the effect of loading on layered soil (sandy soil overlaying clayey soil). Thus,
this research aims to investigate the FE analysis (using ABAQUS software) of the bearing
capacity of sandy soil overlaying clayey soil with an applied loading from strip footing.
Plane strain conditions are assumed (the length of the footing is greater compared to its
width), and only half of the footing system is modeled, owing to system’s symmetry.

2. Research Methodology

For finite element modeling, Drucker—Prager parameters were input for sandy soil,
and Mohr-Coulomb parameters were added for the clay layer. Plane strain considerations
utilize Equations (1) and (2) for the conversion of Mohr—Coulomb and Drucker-Prager
parameters to each other [3] as follows:

/
tand’ = 3V3 tang )
(9 + 12 tan%¢’)
/
4= 3V3c 2)
(9412 tan>¢’)

where ¢’ stands for angle of internal friction and d’ stands for cohesion in Drucker-Prager
model. In the study by Mosadegh and Nikraz [3], in a two-layer soil compared to a one-
layer soil, the bearing capacity reduced dramatically to <70% of its value by adding the
clay thickness of h1/B = 0.15 on top of the sand. Also, it was found that, as the depth of the
clay increased, bearing capacity values were reduced, showing that the top layer mainly
controls the bearing capacity value. In addition, it was noticed that, for smaller values of
h1, the failure mechanism goes to the bottom layer.
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The current model comprises footing resting on two layered soil (sandy soil overlaying
clay layer) with 3000 mm footing width (B), and the thickness of the sandy soil layer is
considered as h1 (as shown in Figure 2). Figure 2 shows the problem definition with sandy
soil being the top soil layer and clayey soil being the bottom soil layer of the layered soil
system. Soil properties can be seen in Table 1. The effect of the thickness, unit weight
and modulus of the elasticity of sandy soil, as well as the cohesion of clay on the ultimate
bearing capacity of layered soil, are studied. To investigate the effect of sandy soil thickness,
models with different h1/B ratios (0.15, 0.5, 1.0, 1.5, and 2.0) are examined. Different
sandy soil layer thicknesses analyzed are 450 mm, 1500 mm, 3000 mm, 4500 mm, and
6000 mm. Additional models were also prepared to study the influence of the unit weight
and modulus of the elasticity of sandy soil, as well as the cohesion of the clay layer on the
ultimate soil bearing capacity.

P

u

Rigid footing

e
Sand
! h1
I X
/77777777
Clay

Figure 2. Problem Illustration (Adapted with permission from [40]).

Table 1. Material Properties of the Soil [3].

Material Properties

No. Soil Type Parameter Value

Unit Weight, v/ (kN/m?) 18
Modulus of Elasticity, E’ (MPa) 18
Cohesive Strength, d’ (kPa) 0.9

1 Sandy Soil Poisson’s Ratio 0.3
Effective internal friction angle, ¢’(deg) 45°
Flow stress ratio, K 1
Dilation angle 4°
Unit Weight, v (kN/m?) 15
Modulus of Elasticity, E’ (MPa) 6

) Clayey Soil Cohesive Strength (kPa) 25
Poisson’s Ratio 0.3
Effective internal friction angle (deg) 5°
Dilation angle 1°

In order to reduce the influence of boundary conditions, sufficiently large model
was prepared. For parametric study, two sandy soil thickness models were analyzed,
namely, the 3000 mm model (or h1/B = 1.0) with sandy soil unit weights of 14 kN/m?,
15kN/m?3, and 18 kN/m? and 6000 mm model (or h1/B = 2.0) with sandy soil unit weights
of 14 kN/m3, 17 kN/m?3, and 18 kN/m?. For studying the effect of the modulus of elasticity
(E) of sandy soil on the bearing capacity, a 6000 mm model (or h1/B = 2.0) with E values of
10 MPa, 15 MPa, and 18 MPa was analyzed. To examine the effect of the cohesion on the
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bearing capacity of soil, two models were analyzed: 450 mm (h1/B = 0.15) and 6000 mm
(h1/B = 2.0) models with cohesion values of 20 kPa, 25 kPa, and 30 kPa.

Moreover, mesh sensitivity analysis was also performed. Figure 3 presents the bound-
ary conditions and loads being applied to the model. For the bottom boundary, horizontal
and vertical movements are fixed. For vertical sides, horizontal movement is restricted
and vertical movement is allowed. For load application, three different steps were utilized.
(i) Surcharge load (q) of 9.60 kPa was applied, (ii) geostatic effect was applied to consider
the effect of gravity loads, and (iii) for the elastic settlement of the footing, a vertical step
was added to the model. Mesh sensitivity analysis was done to obtain an optimal model
with accurate results. Meshing was refined for the soil layers closer to footing due to the
higher concentration of stresses in this region. Additional mesh refinement would lead
to higher computational cost. Therefore, mesh sensitivity analysis becomes essential to
evaluate and obtain the most optimum mesh size for the model. Figure 4 shows different
mesh sizes analyzed for mesh sensitivity analysis.

T
l

Figure 3. ABAQUS model representation with the applied boundary conditions and loads.

@ ®)

© @
Figure 4. Various mesh sizes for mesh sensitivity analysis: (a) from 0.45 to 2.00 m (=450 to 2000 mm),
(b) 0.30 m (300 mm), (c) 0.25 m (250 mm), and (d) 0.20 m (200 mm).
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3. Results and Discussion

This section reports all results and mesh sensitivity analysis of the study. Firstly, model
validation and mesh sensitivity analysis results were discussed. Next, the effect of sandy
soil layer thickness, plastic shear, and vertical stress distribution were discussed. Lastly,
the effect of sandy soil’s unit weight, the modulus of elasticity of sandy soil, and the clay
layer’s cohesion on soil’s bearing capacity was discussed in detail.

3.1. Verification and Mesh Sensitivity Analysis of FE Model

FE model was validated with results of Mosadegh and Nikraz [3], since it was analyzed
with clay layer over sandy soil layer; therefore, similar FE models were prepared, analyzed
and the results were compared. Figure 5a shows the values of the ultimate bearing capacity
for different clay-over-sandy soil thicknesses. Here, hl is the clay (top layer) thickness
and B is the footing width (=3000 mm). The different clay layer thicknesses used were
450 mm (h1/B = 0.15), 1500 mm (h1/B = 0.5), 3000 mm (h1/B = 1.0), 4500 mm (h1/B = 1.5),
and 6000 mm (h1/B = 2.0). FE model results are nearly equal to those provided by [3],
with slight deviations, and thus, the results of FE model were validated. Additionally,
as expected, Figure 5a shows that the bearing capacity of layered soil decreases with an
increase in clay layer thickness because clay is a weaker type of soil. The FE model results
were further validated by comparing plastic shear strain values from the model with values
reported in Mosadegh and Nikraz [3]. Figure 5b shows that plastic shear strain decreases
as clay layer thickness increases and this further validates the model since FE results are
quite close to plastic shear strain values, with acceptable deviations.

700 1.80
— Actual Results as per
‘f 600 Mosadegh and Nikraz (2015) 1.60 Actual Results as per
<4 —&— FE Model Results Mosadegh and Nikraz (2015)
— = 1.40 —@— FE Model Results
5 500 R
NG & 1.20
) 9]
. ? 400 § 1.00
15}
8. 300 % 0.80
< 2
en 200 = 0.60
§ ~~ 0.40
3 10 0.20
0 0.00
0.0 0.5 1.0 15 2.0 0.0 0.5 1.0 1.5
Footing thickness over widh ratio (h1/B) Footing thickness over widh ratio (h1/B)

(a) (b)

Figure 5. (a) Bearing capacity and (b) plastic shear strain of soil with clayey soil overlaying sandy
soil for FE model validation with [3].

Thereafter, mesh sensitivity analysis for the FE model with clayey soil over sandy soil
was performed to obtain the most optimum mesh size for the model. For the selection
of the most optimum mesh size, the model with a clay thickness of 1500 mm (h1/B = 0.5)
was studied with different mesh sizes, as shown in Figure 4. For each mesh size, bearing
capacity, plastic shear strain, and run time (in seconds) were analyzed, as shown in Table 2.
The first mesh size ranged from 0.45 to 2.00 m (450 to 2000 mm), and as per the results,
both the bearing capacity and plastic shear strain were low compared to results reported
by Mosadegh and Nikraz [3]; however, it took the least amount of run time. For the
second model with 0.25 m (250 mm) mesh size, results were not significantly close to
actual reported results, and the run time was short. The third model used 0.20 m (200 mm)
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mesh size in which the bearing capacity and plastic shear strain values were significantly
closer to the actual values reported by Mosadegh and Nikraz [3], and the run time was not
excessively long. The fourth model had 0.15 m (150 mm) mesh size (finest); however, the
bearing capacity and plastic shear strain values did not match the actual results, and the
run time was found to be quite long compared to other mesh sizes. Therefore, the third
model with 0.20 m (200 mm) mesh size seemed to be the most optimum as the plastic shear
strain value matched the actual result, and it had a closer bearing capacity value as well.
This demonstrates that the mesh size achieved convergence for the model. However, the
third model was found to be significantly more accurate in comparison to other models, so
increasing the number of elements beyond the mesh size of 0.20 m (200 mm) would not
result in the further improvement of results without increasing the run time significantly.
Hence, the mesh size of 0.20 m (200 mm) was considered as the optimum mesh size for
this model.

Table 2. Mesh Sensitivity Analysis Results of FE Model with Clayey Soil over Sandy Soil.

Ultimate Layered Soil

Model Mesh Size (m) . . Plastic Shear Strain Run Time (Seconds)
Bearing Capacity (kPa)
1 0.45 to 2 228 0.75 20
2 0.25 230 1.00 55
3 0.2 240 0.89 80
4 0.15 227 1.14 156
Results from 250 0.90 )
[3]
By utilizing the same validated FE model and flipping the layer properties, an in-
vestigation of the sandy soil overlaying the clayey soil layer was conducted and studied.
Figure 6a presents the ultimate bearing capacity for the layered soil case of the sandy soil
overlaying clay layer. It clearly shows that an increase in sandy soil layer thickness (or
reduction in clay layer thickness) leads to an increase in the bearing capacity of the soil.
Similar to Figure 5b, Figure 6b also demonstrates that plastic shear strain decreases as the
sandy soil layer increases.
400 1.0
2
S
3 =
& 300 'S 0.8
~
O &
o _ = 0.6
E= <
£ & 200 9
=7 n
m o 0.4
8 G
s 100 =
g A 0.2
5
0 0.0
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
Footing thickness over width ratio (h,/B) Footing thickness over width ratio (h,/B)
(@) (b)

Figure 6. (a) Bearing capacity and (b) plastic shear strain of soil with sandy soil overlaying clayey
soil medium.



Buildings 2024, 14, 1164

8 of 16

Table 3 presents the mesh sensitivity analysis of the FE model with sandy soil (thick-
ness = 3000 mm) overlaying clay soil. The model with 0.20 m (200 mm) mesh size was
selected based on optimum results in the previous analysis. However, to check the accuracy
of the most optimum model, four models with different mesh sizes were analyzed and
compared to it. For the first model, a mesh size of 0.45 to 2.00 m (450 to 2000 mm) was used,
the bearing capacity was closer to the model with 0.20 m (200 mm) mesh size and it had
the shortest run time. However, the plastic shear strain value was far from the value of the
0.20 m (200 mm) meshed model. For the second model, a mesh size of 0.30 m (300 mm)
was used, and the bearing capacity and plastic shear strain values were found to be far
from the selected model. For the third model, a mesh size of 0.25 m (250 mm) was used,
and the bearing capacity was found to be far from the selected model; however, the plastic
shear strain value was closer to the selected model. A model with a mesh size smaller than
0.20 m (200 mm) was also prepared, but it crashed due to the long run time. Nonetheless, a
mesh size of 0.20 m (200 mm) was considered to be the most optimal model with accurate
results for layered soil based on the previous analysis (sand overlaying clay layer).

Table 3. Mesh Sensitivity Analysis Results of FE model with Sandy Soil over Clayey Soil.

Model Mesh (m) Ultil'nate Laye.red Soil Plastic Shear Strain Run Time (Seconds)
Bearing Capacity (kPa)
1 0.45to 2 201 0.34 42
2 0.30 193 0.46 100
3 0.25 195 0.53 248
4 0.20 202 0.59 337
3.2. Effect of Sandy Soil Layer Thickness on Bearing Capacity and Soil Settlement
The soil becomes stronger with an increase in depth and the elastic settlement of
the footing. To study and investigate this claim, the bearing capacities at different sandy
soil layer thicknesses and elastic settlements were analyzed and the results are presented
in Figure 7 and Table 4. As mentioned, the different sandy soil thicknesses used for
this analysis were 450 mm (h1/B = 0.15), 1500 mm (h1/B = 0.5), 3000 mm (h1/B = 1.0),
4500 mm (h1/B =1.5), and 6000 mm (h1/B = 2.0) and was performed for two different
elastic settlements (350 mm and 250 mm).
0.00 & Bearing Stresses (kPa) 0.00 | Bearing Stresses (kPa)
100 200 300 400 100 200 300 400
-0.05 ——h1/B=0.15 —hl1/B=0.15
——hl1/B=0.5 -0.05 —h1/B=0.5
010 ——h1/B=1.0
e —h1/B=1.0 e -
= -0.15 ——h1/B=1.5 Z-0.0 ——hl1/B=1.5
Q =
£ h1/B=2.0 g pl/B=2.0
£-0.20 5
&)‘3 £ -0.15
-0.25 @
-0.30 -0.20
-0.35
-0.25
(a) (b)

Figure 7. Ultimate bearing capacity with different sandy soil thicknesses and elastic settlement of
(a) 350 mm, and (b) 250 mm for sandy soil overlaying clayey soil model.
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Table 4. FE Model Parametric Analysis Results of the Ultimate Bearing Capacities of Sandy Soil
Overlaying Clayey Soil.

Ultimate Bearing Capacity of Layered Soil (kPa)

h1/B 0.15 0.5 1.0 1.5 2.0
Elastic 350 mm 137.14 147.45 201.91 252.74 336.84
Displacement 250 mm 124.22 124.35 153.52 203.02 250.50
14 kN /m? - - 191.78 - 316.40

Sandy Soil 15kN/m? - - 205.03 - -
Unit Weight 17 kN/m3 - - - - 322.83
18 kN/m? - - 201.91 - 336.84
Elastic 10 MPa - - - - 267.36
Modulus of 15 MPa - - - - 309.89
Sandy Soil 18 MPa - - - - 336.84
20 kPa 122.71 % - - - 322.79
Clayey Soil 25 kPa 137.14 * - - - 336.84

Cohesion

30 kPa 152.54 * - - - 334.00

* Bearing capacities at 300 mm elastic displacement since h; /B = 0.15 failed beyond this point.

3.2.1. Footing Behavior at Elastic Settlement of 350 mm

Figure 7a shows the bearing capacity values for all sandy soil thicknesses with an
elastic settlement of 350 mm. It clearly shows that the bearing capacity increases with
an increase in sandy soil thickness and similar results were drawn by Das et al. [20]. It
also deduces that soil bearing capacity increases with an increased settlement, which
shows that soil becomes stronger with an increase in depth underground. The ultimate
bearing capacity of soil is the maximum stress value of each curve shown in the figure.
For a 450 mm (h1/B = 0.15) thickness of sandy soil, the bearing capacity was 137.14 kPa at
300 mm settlement (=0.3 m settlement in Figure 7a) and the model failed beyond that, as the
bearing stress curve stops. This shows that the sandy soil layer is too thin and that layered
soil is weak as the majority of the layered soil is composed of clay, which is a weaker soil
type. For h1/B = 0.5, the bearing stress was found to be about 147.45 kPa with 350 mm
elastic settlement of footing and matched precisely with h1/B = 0.15 curve till a settlement
value of 300 mm, which showed no significant increase in the bearing capacity between
two curves for the same value of the initial footing settlement up to a settlement value
of 300 mm. However, the h1/B = 0.5 curve had higher sandy soil layer thickness, so soil
became stronger with the ability to achieve higher ultimate bearing capacity along with
the capability to undergo a 350 mm settlement. Therefore, there was an improvement of
about 7.52% in the ultimate bearing capacity of soil with an increase in sandy soil thickness
of 1050 mm. Soil bearing capacities for h1/B = 1.0, h1/B = 1.5, and h1/B = 2.0 were
201.91 kPa, 252.74 kPa, and 336.84 kPa, respectively. Therefore, about a 25.17% and 66.83%
improvement in soil bearing capacities was observed when sandy soil layer thickness
was increased from 3000 mm to 4500 mm and 6000 mm, respectively. Moreover, about a
145.62% increase in the ultimate bearing capacity was obtained with an increase in sandy
soil thickness from 450 mm to 6000 mm. Hence, an increase in the sandy soil layer thickness
improves the layered soil’s ultimate bearing capacity.
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3.2.2. Footing Behavior at Elastic Settlement of 250 mm

Figure 7b shows the bearing capacity values for all sandy soil thicknesses with an
elastic settlement of 250 mm. Similar to Figure 7a, Figure 7b demonstrates that an increase
in sandy soil layer thickness leads to an increase in the layered soil’s ultimate bearing
capacity, and the bearing capacity also increases with an increase in soil settlement. It was
noticed that negligible improvement was observed in the ultimate bearing capacity of soil
with an increase in sandy soil layer thickness from 450 mm to 1500 mm, but continuous
improvement in soil bearing stress was noticed after h1/B = 0.5. Increasing the sandy soil
layer thickness over the footing width (h1/B) ratio from 0.15 to 2.0 improved the ultimate
bearing capacities with elastic settlements of 250 mm by 101.66%.

It is also evident from Table 4 and Figure 7 that ultimate the soil bearing capacities of a
350 mm footing settlement are higher compared to a 250 mm settlement with an increment
of about 34.47% at h1/B = 2.0. In addition, the results of both figures show that the ultimate
bearing capacity increases with increases in soil settlement, since soil becomes stronger
with an increase in depth. Additionally, Figure 7a,b conclude that once h1 > B, soil stress
increases at a higher rate in comparison with the cases when h1 < B.

3.3. Plastic Shear and Vertical Stress Distribution

In this subsection, the plastic shear distribution for various thicknesses of the sandy
soil layer is presented (Figure 8). For these models, the elastic footing settlement used
was 350 mm with the spreading of shear stress along the depth of soil demonstrated. As
noticed from Figure 8, it can be concluded that an increase in the sandy soil layer (top layer)
thickness in layered soil leads to a higher spread of shear stress distribution along its depth.
Moreover, it was found that stress mainly lies in the sandy soil region for higher sandy
soil layer thicknesses, demonstrating that the layered soil case started to convert into a
homogeneous soil case.

(a)hi/B=0.5 (b) hi/B =1.0

(c)hi/B=1.5 (d) hi/B=2.0

Figure 8. Plastic shear distribution for various sandy soil thicknesses: (a) h1/B = 0.5, (b) h1/B = 1.0,
(¢)h1/B =1.5,and (d) h1/B = 2.0 in layered soil (sandy soil overlaying clayey soil).
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The vertical stress distribution along the depth of soil for different h1/B ratios is
shown in Figure 9. Referring to Figure 9a with an elastic settlement of 350 mm, the case of
h1/B = 0.15 could not be plotted since it failed at an elastic settlement of 300 mm. Vertical
stress value at depth 0 mm (intersection point of the footing center and top soil layer) is the
layered soil’s ultimate bearing capacity value and is at the soil-footing interface. Figure 9a
further validates that an increase in sandy soil layer thickness leads to the higher bearing
capacity of soil and higher soil stresses, as h1/B = 2.0 has the maximum soil stress values
among all h1/B curves. Figure 9b corresponds to an elastic settlement of 250 mm and
similar results were observed as Figure 9a. It can be concluded that the layered soil’s
ultimate soil bearing capacity occurs at the soil-footing interface. Moreover, similar to
Figure 9a, Figure 9b displays that an increase in sandy soil layer thickness leads to a higher
bearing capacity of soil and higher soil stresses, as h1/B = 2.0 has the maximum soil stress
values among all h1/B curves. Figure 9a,b both portray that for h1/B > 1.0, the vertical
stress value has higher stress variation and higher stress values along the depth compared
to stress values of h1/B < 1.0.

Vertical Stress under Center of Footing (kPa) Vertical Stress under Center of Footing (kPa)
100 200 300 400 0 100 200 300 400
0
2
4
——h1/B=0.5 @ —h1/B=0.15
——h1/B=1.0 = 6 ——h1/B=0.5
8 ——h1/B=1.0
——h1/B=1.5 2 i
h1/B=2.0 8 h1/B=2.0
10
12
(a) (b)

Figure 9. Vertical stress distribution along the soil depth in layered soil (sandy soil overlaying clayey
soil) with elastic footing settlement of (a) 350 mm, and (b) 250 mm.

3.4. Effect of Sandy Soil Unit Weight on Bearing Capacity and Soil Settlement

Since soil characteristics play a key role in establishing the ultimate bearing capacity
of soil, an investigation of the influence of some vital soil parameters on bearing capacity is
required for an in-depth understanding of the layered soil case. Figure 10a,b present the
parametric study’s results on the effect of sandy soil’s unit weight on the bearing capacity
of soil for h1/B equal to 1.0 and 2.0 with a 350 mm settlement, and their bearing capacities
have been reported in Table 4. For h1/B = 1.0, the effect of three sandy soil unit weights
(14 kN/m?3, 15 kN/m?3, and 18 kN/m?) on bearing capacity were analyzed as shown in
Figure 10a, in which a slight increment in soil bearing capacity was noticed with an increase
in sandy soil unit weight. Also, bearing capacity increased by 6.91% when the sandy soil’s
unit weight was increased from 14 kN/m?3 to 15 kN/m3. However, further increase in
sandy soil unit weight from 15 kN/m3 to 18 kN/m?3 slightly reduced the bearing capacity
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by 1.52%. Hence, the positive effect of increasing the sandy soil unit weight is seen only
until a threshold value for h1/B = 1.0.

0.00 Bearing Stresses (kPa) 0.00 Bearing Stresses (kPa)
100 200 300 400 100 200 300 400
-0.05 Unit weight of Sand=14kN/m3 -0.05 Unit weight of Sand=14kN/m3
Unit weight of Sand=15kN/m3 Unit weight of Sand=17kN/m3
-0.10 Unit weight of Sand=18kN/m3 -0.10 Unit weight of Sand=181N/m3
E E
b= -0.15 = -0.15
= £
£.0.20 £.0.20
3 3
-0.25 -0.25
-0.30 -0.30
-0.35 -0.35
(a) (b)

Bearing Stresses (kPa)

0.00
100 200 300 400
-0.05 Young's Modulus (MPa)=10
Young's Modulus (MPa) =15
-0.10 Young's Modulus (MPa) =18
g
= -0.15
]
=)
=-0.20
D
95}
-0.25
-0.30
-0.35

(c)

Figure 10. Effect of sandy soil (a) unit weight with h1/B = 1.0, (b) unit weight with h1/B = 2.0, and
(c) modulus of elasticity with h1/B = 2.0 on the bearing capacity of layered soil (sandy soil overlaying
clayey soil) with settlement of 350 mm.

Figure 10b presents the effect of sandy soil unit weight on the bearing capacity for
h1/B = 2.0 with a settlement of 350 mm. Three sandy soil unit weights were used for this
analysis. Figure 10b shows a slight increment in the bearing capacity of soil with an increase
in sandy soil unit weight observed, with the bearing capacity at sandy soil’s unit weight of
14 kN/m?3, 17 kN/m?, and 18 kN/m? being 316.40, 322.83, and 336.84 kPa, respectively. An
increment in the bearing capacity of about 2.03% and 6.46% was observed with an increase
in sandy soil’s unit weight from 14 kN/m3 to 17 kN/m?3 and 18 kN/m3, respectively. Thus,
unlike the h1/B = 1.0 case, h1/B = 2.0 deduces that an increase in sandy soil’s unit weight
slightly improves the ultimate bearing capacity of layered soil. Hence, Figure 10a,b show
that increased sandy soil unit weight leads to a slight improvement in the bearing capacity
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of layered soil for higher sandy soil thicknesses. However, this improvement in the bearing
capacity was relatively small at smaller sandy soil thicknesses. Therefore, sandy soil unit
weight slightly impacts the bearing capacity of layered soil for lower h1/B ratios. However,
h1/B > 2.0 may show a more significant effect of sandy soil’s unit weight on the bearing
capacity of layered soil. Since h1/B > 2.0 means the sandy soil layer thickness is higher
than clay soil and the effect of the sandy soil will have more impact on bearing capacity
than clay soil. Moreover, even Figure 10a,b shows that with an increase in settlement, the
bearing stress of the soil increases.

3.5. Effect of Modulus of Elasticity of Sandy Soil on Bearing Capacity

The effect of the different values of the modulus of the elasticity of sandy soil (10 MPa,
15 MPa, and 18 MPa) on bearing capacity for h1/B = 2.0 was also studied and their results
are provided in Figure 10c and Table 4. It shows that an increase in the modulus of elasticity
of sandy soil causes an increase in the bearing capacity of soil. Bearing capacity values at
10 MPa, 15 MPa, and 18 MPa were determined to be about 267.36 kPa, 309.89 kPa, and
336.84 kPa, respectively. Hence, about a 15.91% and 25.99% improvement had occurred
in the bearing capacity of soil for h1/B = 2.0 with an increase in the sandy soil modulus
of elasticity from 10 MPa to 15 MPa and 18 MPa, respectively. This shows that, with
an increased modulus of elasticity, the soil becomes stronger, and the bearing capacity
significantly improves.

3.6. Effect of Cohesion on Bearing Capacity and Soil Settlement

Table 4 and Figure 11 show the effect of different cohesive strengths of the clay layer
(20 kPa, 25 kPa, and 30 kPa) on the soil bearing capacity for h1/B = 0.15 with a settlement
of 300 mm and h1/B = 2.0 with a settlement of 350 mm. Clay is a weaker type of soil, and
the shear strength of clay mainly depends on cohesion; hence, an increase in the cohesive
strength of clay should make the soil stronger. This can be observed clearly in Figure 11a,
as increased cohesion led to an increased soil bearing capacity. The bearing capacity values
at 20 kPa, 25 kPa, and 30 kPa were determined to be about 122.71 kPa, 137.14 kPa, and
152.54 kPa, respectively. Therefore, about a 11.76% and 24.31% increase in soil bearing
capacity occurred for h1/B = 0.15 with an increase in cohesive strength from 20 kPa to
25 kPa and 30 kPa, respectively. So, an increase in cohesive strength increases soil bearing
capacity, and similar conclusions were drawn by Das et al. [20]. This validates that an
increase in soil strength improves the bearing capacity of soil. As seen in Figure 11b, only
a slight improvement in the bearing capacity of layered soil was observed as the bearing
capacity values at cohesion values of 20 kPa, 25 kPa, and 30 kPa were 322.79 kPa, 336.84 kPa,
and 334.00 kPa, respectively. Hence, only about a 4.35% and 3.47% improvement in soil
bearing capacity was seen for h1/B = 2.0 model, respectively, with an increase in cohesion
values from 20 kPa to 25 kPa, and 30 kPa. This is because, in the h1/B = 2.0 model, the clay
layer thickness is small compared to the h1/B = 0.15 model. So, to significantly impact the
bearing capacity of the soil, the clayey soil layer needs to be very thick. This proves that clay
is a weaker type of soil, so higher clay layer thickness is required to significantly impact
the soil’s ultimate bearing capacity. Moreover, the cohesive strength of clay improved the
bearing capacity up to 25 kPa, beyond which a slight drop in the bearing capacity was
noticed for the thinner clay layer model. Hence, it can be concluded that, at lower clay
layer thickness, the positive effect of cohesive strength on bearing capacity is observed.
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Figure 11. Effect of clayey soil cohesion on the ultimate bearing capacity of layered soil (sandy soil
overlaying clayey soil) for (a) h1/B = 0.15 with a settlement of 300 mm, and (b) h1/B = 2.0 with a
settlement of 350 mm.

4. Conclusions

Based on the research study conducted and after performing various analyses to
understand the ultimate bearing capacity of sandy soil overlaying clayey soil medium, the
following conclusions were drawn:

e Anincrease in sandy soil layer thickness over footing width (h1/B) ratio and elastic
settlement values resulted in an improvement of the ultimate bearing capacities. This
could be attributed to the fact that soil becomes stronger with increased depth;

e Increasing the sandy soil layer thickness over footing width (h1/B) ratio from 0.15 to
2.0 increased the ultimate bearing capacities with elastic settlements of 350 mm and
250 mm by 145.62% and 101.66%, respectively;

e  When sandy soil layer thickness (h1) becomes greater than or equal to the width of the
footing (B), the bearing stress of the soil strengthens at a higher rate when compared
to lower sandy soil layer thickness (h1) values;

e Higher top layer (sandy soil) thickness leads to larger shear stress distribution along
its depth and converts the layered soil medium into a homogeneous soil case (as the
majority of the shear stress lies in the top layer);

e At a settlement of 350 mm, bearing capacity increased by 6.91% and 5.28% for
h1/B =10 when the sandy soil’s unit weight was increased from 14 kN/m? to
15 kN/m? and 18 kN/m3, respectively. For h1/B = 2.0, the bearing capacity in-
creased by 2.03% and 6.46%, with an increase in the sandy soil’s unit weight from
14 kN /m3 to 17 kN/m? and 18 kN/m3, respectively;

e Athl/B> 1.0, higher ultimate bearing capacity occurs with an increase in the sandy
soil’s unit weight and elastic modulus, while at h1/B < 1.0, the ultimate bearing
capacity increases till a threshold value of the sandy soil unit weight;

e Ata settlement of 350 mm, an increase in the sandy soil modulus of elasticity from
10 MPa to 15 MPa and 18 MPa resulted in improving the bearing capacity by about
15.91% and 25.99%, respectively;

e Athl/B < 1.0, higher ultimate bearing capacity occurs with an increase in the cohesive
strength of clayey soil, while at h1/B > 1.0, the ultimate bearing capacity increases
until a threshold value of cohesive strength of clay;
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e Anincrease in clayey soil’s cohesive strength from 20 kPa to 30 kPa increased the soil
bearing capacity for h1/B = 0.15 (settlement of 300 mm) and h1/B = 2.0 (settlement of
350 mm) by 24.31% and 3.47%, respectively;

e  Bearing capacity was significantly improved with an increased modulus of the elastic-
ity of sand. In addition, for lower clay layer thickness, the positive effect of cohesive
strength on the bearing capacity was observed.
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