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ABSTRACT

The objective of this study is to investigate the drained bearing capacity of a strip footing on a two-layered
sand slope through the use of numerical analysis. The analysis is conducted using Plaxis, a two-dimensional
finite element software. The behavior of the sand is modeled utilizing the non-linear Mohr-Coulomb
criteria. The research examines the influence of various parameters on the footing's behavior, including
the normalized thickness of the top layer %,/B, slope angle f, and friction angles of both loose and dense
sand, ¢; and ¢,, respectively. The findings indicate that for the scenarios with a denser top layer ¢;/p, > 1,
the bearing capacity increases with rising #,/B. Conversely, for the cases with a looser top layer ¢,/p, < 1,
the bearing capacity declines with increasing 7,/B. Moreover, irrespective of the slope angle g, the bearing
capacity rises with a higher sand friction angle ¢.

Keywords-bearing capacity; strip footings; finite element; sand; two-layered slope

urbanization often necessitate placing foundations on or near
slopes. This is particularly common for infrastructure projects
like roads in mountainous areas, power transmission line
towers, and bridge abutments. Over time, numerous researchers
have proposed a range of methods for calculating the bearing

I.  INTRODUCTION

The construction of a foundation is one of the oldest and
most fundamental activities in the field of building and public
works. Even today, the study of foundations remains a central

concern within the discipline of geotechnics. A substantial
body of literature exists that analyzes the bearing capacity of a
strip footing resting on homogeneous ground with a horizontal
surface, employing a variety of methods. The ultimate bearing
capacity of strip footings on flat, homogeneous sand has been
extensively investigated through numerical, analytical, and
experimental methods. However, in real-world engineering
scenarios, space limitations and the increasing pace of

capacity of strip footings situated on uniform soil slopes. These
methods include experimental investigations [1-3], numerical
techniques [4-6], and analytical studies [7]. The findings of
these experimental and analytical studies suggest that the
bearing capacity of strip foundations is significantly influenced
by the slope angle and the distance from the foundation to the
crest of the slope. Additionally, the type of charges applied to
the foundation plays a crucial role in determining the bearing
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capacity. Therefore, it is essential to consider the type of
charges used in the construction process. Prior research has
concentrated exclusively on the analysis of footing bearing
capacity on uniform, sloping ground. However, it should be
noted that natural soils are comprised of distinct layers with
varying physical and mechanical properties, which are the
result of geological processes. It is therefore imperative to
consider the impact of soil stratification when evaluating the
bearing capacity of surface foundations. The existing methods
have addressed the bearing capacity of strip footings resting on
two-layered, horizontal soil profiles. A variety of techniques
have been utilized to assess the bearing capacity of strip
footings on layered soils. These include theoretical approaches
such as the limit equilibrium method [8, 9] and kinematic limit
analysis [10, 11], as well as empirical and semi-empirical
methods [12]. Furthermore, numerical techniques [13, 14],
such as the finite element method and finite difference codes
[15], are also valuable tools. Moreover, experimental studies
[3, 16-18] offer invaluable data for validation purposes.

Despite the existing literature on the subject, there is still a
paucity of research exploring the ultimate bearing capacity of
footings placed on a two-layer system in the vicinity of slopes.
As a case in point, the work of the authors in [19] may be cited,
who investigated the response of two-layered slopes to
surcharge loads through model tests and numerical simulations.
The proposal introduces criteria based on the relative cohesion
ratio, with the objective of distinguishing changes in slope
behavior. The study revealed that the interface between the two
layers plays a pivotal role in determining the failure mechanism
and slope stability. Building on previous research, the authors
in [20] employed finite element limit analysis to investigate the
impact of earthquakes on the bearing capacity of strip footings
on two-layered slopes. The results of their investigation
indicate that an increase in bearing capacity is associated with
deeper footing embedment. Moreover, the failure mechanisms
were found to vary in accordance with the strength of the soil
layers and the intensity of the seismic activity. In a subsequent
study [21], the researchers employed a pseudo-static approach
in conjunction with a Particle Swarm Optimization (PSO)
algorithm to analyze the ultimate bearing capacity of shallow
strip footings on two-layered soil. This research included a
comprehensive parametric analysis and the formulation of
design charts. The results demonstrated a high degree of
correlation with existing analytical, numerical, and
experimental data. In their most recent study, authors in [22]
introduced a novel method, random adaptive finite element
limit analysis, for assessing the bearing capacity of strip
footings on two-layered cohesive soil slopes, accounting for
spatial variations within the soil itself.

The study compares the results with those of prior studies,
analyzes the undrained shear strength with spatial variability,
and identifies the key parameters affecting the bearing
capacity. While prior research has addressed the bearing
capacity of strip footings on layered soils, there is a paucity of
information concerning footings situated on two sand layers in
proximity to slopes, particularly in scenarios where the top
layer is denser or looser than the bottom layer. This study
bridges this gap by employing finite element analysis to
investigate the drained bearing capacity of such footings

subjected to a uniform distributed load. The analysis
investigates the relationships between bearing capacity and key
parameters, including the normalized thickness of the top layer
h,/B, slope inclination, friction angles of the sand layers, and
the resulting collapse mechanisms.

II.  FINITE ELEMENT MODEL

This study employed Plaxis (2D) finite element software to
conduct a series of two-dimensional calculations and
investigate the bearing capacity of strip footings on a two-
layered sand slope. The analysis considered two scenarios: a
loose sand layer over a dense sand layer, and vice versa. The
Mohr-Coulomb criteria were employed to model the nonlinear
behavior of the sand. This criterion represents an elastic,
perfectly plastic material with a friction angle ¢ that is
independent of the dilation angle . The Mohr-Coulomb model
was selected for its simplicity, practical application in
geotechnical engineering, and the ease of obtaining the
necessary parameters. The foundation was modeled as an
elastic beam element with high normal stiffness (EA) and
flexural rigidity (EI). Table I summarizes the specific material
properties used in the analysis.

TABLE L. FINITE ELEMENT ANALYSIS PARAMETERS
Parameters Name Unit Loose sand Dense sand
Model type Model - Mohr-Coulomb
Dry density Yunsar | KN/m® 14 18
Wet density Ve | KN/m’® 16 20

Young's Module E,. KPa 1.2 10 1.5 10*
Poisson's ratio v KPa 0.30 0.30
Cohesion c KN/m’ 0.1 0.1
Angle of friction [ ) 30° 40°
Angle of dilation v ©) 0° 10°
All models were subjected to the same boundary

conditions, meaning that they were fixed along the bottom and
horizontally constrained on the sides, thereby allowing vertical
movement. Once the geometry is defined, Plaxis automatically
generates a refined mesh for the subsequent analysis. The mesh
comprised 15-node triangular elements for the soil and 3-node
beam elements for the footing. The mesh was particularly
refined in the vicinity of the foundation and in proximity to the
crest of the slope, with the objective of accurately capturing the
stress distribution and enhancing the accuracy of the results.
Figure 1 depicts the boundary conditions and the finite element
mesh utilized in this investigation.

Fig. 1. Mesh and boundary conditions used in the finite element analysis.
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The analysis was conducted in two phases to ensure the
inclusion of non-horizontal soil layers. In the initial phase, the
KO procedure, which is not appropriate for such geometries,
could not be employed to generate the initial stresses.
Accordingly, the initial stress state within the slope was
established by applying gravity loading due to the soil's self-
weight. The second phase entailed the activation of the footing
and interface elements, as well as the application of the vertical
load on the strip footing in incremental steps. Each analysis
was conducted using iterative calculations until convergence
was achieved. The peak observed in the load-displacement
curves for each model was taken as an indicator of the failure
load.

II. VALIDATION OF THE MODEL IN FINITE
ELEMENTS

In order to ascertain the veracity of the numerical model,
the ultimate bearing capacity g¢,, of a strip footing on
homogeneous loose, medium, and dense sand was calculated
using finite element analysis and compared with the analytical
solutions presented in [23, 24]. Table II presents the results
obtained from both methods. As anticipated, the ultimate
bearing capacity g, increases in conjunction with an increase
in the friction angle ¢. It is noteworthy that the numerical
results demonstrate an excellent degree of agreement with
those presented in [23] and [24], with a maximum discrepancy
of less than 6%. This strong correlation serves to validate the
numerical model developed in the course of this study.

TABLE II. COMPARISON OF BEARING CAPACITY OF
HOMOGENEOUS SAND
. o Present
Soil type Y 73 study [23] [24]
Medium sand 14 30 108.29 105.49 109.69
Loose sand 16 35 248.24 271.36 297.2
Danse sand 18 40 820.17 716.86 843.21
IV. TEST PROGRAM
Figure 2 demonstrates the essential geometric

characteristics of the model. A strip footing of width B is
situated on the crest of a two-layered sand slope with height H
and inclination angle . The upper layer, defined by a friction
angle ¢; and thickness £;, is situated above a lower layer with a
thickness h, and a friction angle ¢,. For the purposes of
facilitating analysis, normalized parameters were introduced.
The normalized thickness of the top layer A,/B varies from 0.25
to 5 in increments of 0.25 and 0.5. The friction angles selected
for loose and dense sand were within the ranges deemed
practical. The range for loose sand is 30° to 36°, while the
range for dense sand is 40°. In accordance with [25], three
slope angles S were considered: 15°, 30°, and 45°, which cover
a wide range of real-world scenarios. It is crucial to highlight
that the ratio ¢,/p, serves to distinguish between the two
scenarios. A value of ¢;/p, < 1 indicates the presence of a loose
sand layer over a dense sand layer, whereas a value of ¢,/p, > 1
represents the inverse situation. Each parameter set was
examined independently, with all other variables having been
maintained at a constant level. Table III provides a summary of

the various combinations of the parameters that were analyzed
in this study.

R Strip footing
h1 B ?1.M1 T
H
@2.72 i
Fig. 2. Geometry parameters.
TABLE III. VARIABLE OF TEST PROGRAM
Test Variable parameters Fixed
. Cases
series s ) h,/B parameters
1 ilp> <1 0.25
01 gn
15° 32 '
300 | 34 ! B=1
2 oilos> 1 350 | 36 lf gf?&i
45° 40
3
4
5

V. RESULTS AND DISCUSSION

To investigate the combined effects of various parameters,
80 finite element simulations were performed for a strip footing
on a two-layer sand slope subjected to vertical loading. The
parameters investigated included the normalized thickness of
the top layer A/B, slope angles f, and friction angles ¢ of the
sand layers. For comparison, the ultimate bearing capacity of a
strip footing on a single-layered horizontal sand deposit was
calculated using Terzaghi's formula [26]:

1
qu = EByNy (1)

For strip footings located near or on slopes, researchers
have proposed analytical expressions to estimate correction
factors, also known as shape factors, denoted by ifi. These
factors account for the influence of slope geometry and are
introduced into (2):

qu = >ByN, ig 2)

To simplify the use of Terzaghi's equation in this context,
the ultimate bearing capacity of strip footings on two-layered
cohesive soils is presented as a normalized drained bearing
capacity factor Ny. This factor is defined as:

qQUtwo layerd
N¥ = 17twolayerd 3
Y " 3
where N; is the dimensionless ratio between the ultimate

bearing capacity of a strip footing on two-layered sand ¢, and
s is the product of the average shear strength of the soil layers,
v the unit weight of the soil, and B the width of the footing.
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VI. EFFECT OF SAND LAYER THICKNESS H,/B

The impact of the top layer thickness %;/B was examined by
incrementally augmenting its value from 0.25 to 2.0 for the
loose sand over dense sand scenario and from 0.25 to 5.0 for
the dense sand over loose sand scenario. Figure 3 presents the
variation of the normalized drained bearing capacity factor N,*
with h;/B for diverse combinations of the slope angle £ in the
context of dense sand overlying loose sand. As shown in Figure
3, for all slope angles S, the value of N,* monotonically
increases with respect to /,/B until reaching a plateau at h,/B =
5. Beyond this point, the increase becomes negligible. In
simpler terms, for h;/B greater than 5, the soil's bearing
capacity approaches that of a homogeneous dense sand layer.
This behavior can be attributed to the fact that a thicker top
layer, with higher shear strength compared to the bottom layer,
is engaged as h,;/B increases, consequently leading to a rise in
bearing capacity. Figure 4 represents the variation of N,* with
h;/B ratio for different combinations of S, for the case of loose
sand over the dense sand.

25 —f=15° - -
e =30° ]
A f=45°
20 §,=40° =
¢,=30°
[
15 4
N‘.'* -
10
- . °
u .
5 P
. A
°-® . o A
s A A
0 == T T

T T T T T T T T
00 05 10 15 20 25 30 35 40 45 50 55
h,/B

Fig. 3. Variation of Ny as a function of hl/B for different values of f
(p,/=40° and ¢,=30°).

124 % = p=15°

\ o p=30°
A— =450
¢,=30°
9y=40°

— — A ———h

1.60 1.I25 1.:50 1.;’5 2,00
h,/B

Fig. 4. Variation of Ny as a function of hi/B for different values of f

(9,=30° and ¢,=40°).

In contrast, for the loose sand over dense sand scenario (for
which a separate figure is provided), the trend is reversed. As

h,/B increases, the value of N,* decreases. It is noteworthy that
this decrease reaches a plateau at h;/B = 2, with the value
remaining relatively constant beyond that point. In other words,
for h;/B greater than 2, the contribution of the bottom layer
(denser sand) becomes negligible, and the bearing capacity
primarily depends on the weaker top layer, which resembles a
homogeneous loose sand case. In this scenario, the influence of
h;/B on bearing capacity is rendered insignificant due to the
additional thickness comprising only weaker material, which
fails to significantly enhance the overall strength.

VII. EFFECT OF ANGLE FRICTION ¢

In order to investigate the influence of the friction angle ¢,
a series of analyses were conducted, in which five values were
considered. The values were 30°, 32°, 34°, 36°, and 40°. The
methodology entailed fixing the friction angle of one layer ¢;
or ¢, and varying the friction angle of the other. Three cases
were considered in this investigation.

e In case 1, the friction angle ¢: was fixed at 40°, while the
other angle ¢; was varied.

e In case 2, the friction angle of layer 2 ¢: was fixed at 30°,
while the friction angle of layer 1 ¢, was varied.

e In case 3, the friction angle of the top layer ¢. was held
constant at 40°, while the friction angle of the bottom layer
¢; was varied.

The results were plotted as a series of curves, with the
normalized drained bearing capacity factor Ny* on the vertical
axis and the top layer thickness /;/B on the horizontal axis, for
different combinations of ¢ and slope angle B. Figure 5 is
dedicated to case 1 (¢. fixed at 40° and ¢ varied). As
illustrated in Figure 5, there is an inverse relationship between
N,* and hi/B, with an increase in ¢; resulting in an
enhancement in N,* It is noteworthy that N,* attains a
diminished maximum value at a specific value of hi/B.
Subsequently, N,* remains relatively constant, irrespective of
the slope angle f or ¢,. This indicates that for A,/B values
greater than 1, the impact of /,/B on bearing capacity becomes
more considerable in comparison to the combined influence of
the internal friction angle ¢; and the slope angle f. In case 2,
the value of ¢, was fixed at 30° and that of ¢, was varied. As
evidenced in Figure 6, the N,* is influenced by h,/B and ¢,.
Moreover, the value of N,* increases with increasing ¢,
indicating that soils with higher internal friction angles (i.e.,
more granular and coarse soils) provide greater resistance and
higher bearing capacity. This finding is consistent with the
bearing capacity theory proposed by Terzaghi and Meyerhof. It
is noteworthy that for #,/B = 3, N,* remains constant regardless
of the value of ¢;. This can be attributed to the fact that the
influence of h;/B on bearing capacity is particularly
pronounced in this instance. In case 3 (¢;=40° fixed and ¢,
varied), Figure 7 demonstrates that the dimensionless bearing
capacity factor N,* is significantly influenced by h;/B and ¢,,
showing that the dimensionless bearing capacity factor N,*
increases monotonically with both the increase of the
normalized ratio /,/B and the friction angle of the second layer
@2. Furthermore, higher friction angles ¢ result in greater
resistance and, consequently, higher bearing capacities. This
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indicates that the friction angle ¢: of the second layer has a
significant impact on the assessment of soil bearing capacity. 25 = @=30° < v
Nevertheless, for h;/B = 5, the N,* is approximately constant *—=32° v
for all values of the friction angle ¢.. This indicates that the A= p=34°
bearing capacity reaches that of the homogeneous soil, or that 20 [T 9736
h,/B and ¢: have no impact on the ultimate bearing capacity. p-15° il
Ny $,=30°
¥
154
22 . _— . A
a0 A { =15° |—=—¢=30° ¥ o o
9=40° *—=32° 104 i g . )
18 —A— @ =34° )
A.‘ \ —— (‘:')|=3()° ‘,.: P— -——m |
16 4 \ !
¥ 5
14 | N v . " 0,0 nis 1:0 155 2:0 2:5 3:0 3:5 4jn 4:5 5:0 55
=
@ L A \ h,/B
A Fig. 6. Variation of N,* as a function of h,/B for different values of ¢, and
%7 R = . 5 B=15° (case 2 p,=40° fixed and ¢, varied).
g
e 26
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@,=40° ——,=32° . 184 ‘,_,- .
R —gie2ee e L p-1s
7 \ 1 14 | v 9 =40°
*—,=36° .‘ ) !
124 S /N " p,=30°
6+ @ ¥ ¢ / -
104 // *— p,=32°
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® y 8 % v v °1 360
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Yoy . . h,/B
+ . . . Fig. 7. Variation of N,* as a function of 4,/B for different values of ¢, and
5 S =15° (case 3 ¢,=40° fixed and ¢, varied).
0,00 0,125 0.’50 [I,I75 1‘:'10 1.‘25 1‘I50 1,‘75 2‘I[10
h,/B VIII. EFFECT OF SLOPE ANGLE B
35 T — Figure 8 displays the variation of the normalized drained
b l —40° =30 bearing capacity factor N,* with the slope angle f for a range of
;=40 —e— ,=32° e o
30 N N I—mo combinations of h;/B. The figure presents the results of two
NN . ¥ ‘360 scenarios: dense sand over loose sand and loose sand over
" - R
2,5 A% A dense sand. In both cases, it is evident that N,* decreases as the
B - slope angle f increases, irrespective of the specific value of
504 \ e ¥ T h,/B. This observation indicates that an increase in slope angle
N\ ™ i v . . . . . oy
(© Ny RN results in a reduction in the bearing capacity and stability of the
. \\\\_... ‘ soil, regardless of the soil's friction angle. This finding
NN T corroborates the results in [25], for footings on uniform slopes.
oo \l\ b -— - The highest N,* values are observed for /,/B = 0.25 and f =
' e 15°.Conversely, at a steeper slope angle of f = 45°, the N,*
values become relatively constant across all #;/B values. This
0'50‘00 025 050 075 100 125 150 175 200 suggests that for slopes of a considerable degree of steepness,

h,/B

Fig. 5. Variation of N,* as a function of 4,/B for different values of ¢, and
p (case 1 ¢,=40° fixed and ¢, varied), (a) =15, (b) f=30°, f=45°.

the impact of the top layer thickness on bearing capacity is
negligible.

IX. CONCLUSIONS

A numerical analysis was performed using Plaxis finite
element software to investigate the drained bearing capacity of
strip footings situated on the crest of two-layered sand slopes.
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(b)

Fig.
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8. Variation of Ny* as a function of f for different values of hl/B

(¢,=30° and ¢,=40° ), (a) dense sand over loose sand, (b) loose sand over
dense sand.

The study revealed several key factors that exert a

significant influence on bearing capacity.

The normalized top layer thickness h;/B has a significant
impact on bearing capacity.

A critical top layer thickness h,/B,, exists beyond which the
influence of h1/B on footing stability is considered to be
negligible.

Irrespective of the thickness of the top layer h,/B, the
bearing capacity is observed to decrease as the slope angle
increases.

The ratio between these angles ¢,/p, is of great
consequence. In the case of a dense layer of sand over a
loose layer, with a ratio of ¢,/p, greater than 1, N, * is
observed to increase with rising values of ,/B. In the case
of a loose sand layer over a dense sand layer, with a ratio of
©/p; less than 1, N,* declines with increasing /,/B until it
reaches a critical thickness h,/B.,, beyond which its impact
becomes inconsequential.

In conclusion, the study demonstrates the complex

interaction between the thickness of the top layer, the slope
angle, and the friction angles of the sand layers in determining

the drained bearing capacity of strip footings on two-layered
slopes.
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