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Abstract
This paper presents the findings regarding the displacement-load behavior of both plane strain model experiments’ ultimate 
load and numerical analyses conducted on unreinforced and reinforced sand slopes loaded with strip footing. The investi-
gated parameters include the impact of the reinforcement and varying eccentricity on the ultimate load and displacement of 
the strip footing. A group of finite element analyses was performed with the 3D plane strain model and the computer code 
ANSYS software to validate the results of the model experiments on a slope. The results from both the numerical analyses 
and model experiments suggested that the use of reinforcement could enhance the load–displacement behavior of the central 
and eccentrically loaded footings. The load–displacement curves demonstrated that a higher load eccentricity leads to a 
reduction in the ultimate load of the strip footing. The concordance between the computed and observed results was reason-
ably satisfactory for the load displacement and the overall behavioral trend.
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Introduction

The bearing capacity is one of the main problems in founda-
tion engineering. Footings were used to determine the num-
ber of engineered structures. These structures can transfer 
centric or eccentric loads to their footings. The eccentricity 
(e) in a strip footing is obtained by dividing the moment 
(M) by the vertical load (Q). A moment occurs as a result 
of horizontal loads affecting the structure. Currently, nearly 
all foundations are influenced by moments because of the 
horizontal loads affecting the structures. In recent years, dif-
ferent types of structures have been constructed on and near 
slopes. Owing to both the presence of a slope and eccen-
tricity, the length of one of the failure surfaces was shorter. 
Therefore, the bearing capacity of the footing on or near the 

slope decreased compared to the foundation on horizontal 
flat soil.

The bearing capacities of foundations on horizontal 
flat soils have been extensively investigated by numerous 
researchers over the years using analytical, experimental, 
and numerical methods (Eastwood 1955; Chummar 1972; 
Ko and Davidson 1973; Pfeifle and Das 1979; Nova and 
Montrasio 1991; Andrawes et al. 1996; Briaud and Gibbens 
1999; Taiebat and Carter 2000; Lau and Bolton 2011; Dixit 
and Patil 2013; Badakhshan and Noorzad 2015; Ahad and 
Arsam 2018; Khan and Sharma 2023; etc.). In addition, the 
failure surfaces of foundation soil have been researched in 
some of these studies (Binquet and Lee 1975a, b; etc.). How-
ever, studies on foundations situated on or near slopes are 
considerably restricted. The presence of a slope significantly 
affects the bearing capacity of footings of diverse structures. 
Designing footings under these circumstances is intricate, 
and the literature lacks sufficient information (Al-Jubair and 
Abbas 2007; Castelli and Motta 2010; Abbas and Sabbar 
2011; Castelli and Lentini 2012; Keskin and Laman 2013; 
Munawir et al. 2013; Taha and Altalhe 2013; Cure et al. 
2014a, b; Cure et al. 2014a, b; Turker et al. 2014; etc.).

Consequently, researchers have focused on investigating 
alternative ways to enhance the bearing capacity of soils on 
slopes (Selvadurai and Gnanendran 1989; Huang et al. 1994; 
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Lee and Manjunath 2000; Yoo 2001; Blatz and Bathurst 
2003; Bathurst et al. 2003; Sawwaf 2007; Thanapalasingam 
and Gnanendran 2008; Alamshahi and Hataf 2009; Choud-
hary et al. 2010; Altalhe et al. 2013; Mehdipour et al. 2013; 
Ahmadi and Asakereh 2015; Altalhe et al. 2015; Xiao et al. 
2019; Yang et al. 2021; Aliyazicioglu et al. 2023; Luo, et al. 
2023; Mase et al. 2023; etc.).

Over the last five decades, geosynthetics have been 
utilized in soils to improve the bearing capacity. This is 
achieved by horizontally positioning geosynthetic sheets 
with vertical spacing beneath the footing by integrating the 
clippings of geosynthetics into the soil. Evidently, geosyn-
thetics result in an augmented soil bearing capacity.

The aim of this research is to examine the displace-
ment and bearing capacity characteristics of strip footings 
positioned under eccentric loads near unreinforced and 

reinforced sand slopes. Additionally, numerical analysis 
was conducted on a prototype foundation-slope system 
using ANSYS (professional version v.10) to validate the 
finite element results with the existing model test outcomes. 
The advantage of developing a finite element model lies in 
its ability to explore different conditions that are not easily 
modeled in experimental studies. Furthermore, the scaling 
and size effects of the small-scale model tests were assessed 
using finite element analysis. The failure modes producing 
the ultimate bearing capacity and displacement were dis-
cussed by comparing the model tests and analysis results.

Experimental study

Test equipment

The components of the experimental design for the model 
tests consisted of a tank with internal dimensions, as shown 
in Fig. 1, sand, geotextile, strip footing, and loading system. 
Figures 1 and 2 show the general schematic of the experi-
mental design.

The tank was rigid, such that the plane strain cases 
remained the same in all model tests. There are two pri-
mary cases for the plane-strain condition. In the first case, 
the displacement in the lateral direction must be zero 
(εy = 0 = ΔW/W, where εy represents the displacement in the 
lateral direction, ΔW signifies the lateral displacement of 
the side faces of the tank, and W denotes the tank width). 
This requirement indicates the necessity for rigid front and 
back faces in plane-strain models. In the second case, the 
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friction between the tank’s inner front and back faces and the 
soil must be zero, indicating completely frictionless inner 
surfaces. Although these ideal conditions cannot be fully 
realized in models, some criteria need to be met. Failure to 
do so could result in significant errors in the experimental 
outcomes, failing to represent a case of plane strain (Ko and 
Davidson 1973; Kirkpatrick and Yanikian 1975).

To ensure plane strain conditions, two steel frames made 
of hollow profiles were fabricated and interconnected along 
their edges using steel bolts. Solid steel elements were 
welded within the center of the frames to safeguard against 
deformation of the glass plates. The surface where the steel 
frames contacted the glass plates was meticulously crafted to 
a near-perfect plane, ensuring that no glass plate broke dur-
ing the tests. The base and sides of the tank were constructed 
with rigid wood. For test preparation, the front and back 
surfaces were made of glass plates, 20-mm thick, allowing 
observation of the filling of the sand sample, deformation 
of sand particles during tests, and examination of fracture 
surfaces.

A loading system that allows the application of a vertical 
load on small-scale footing models was used (Fig. 3). The 
load was exerted on the model footing using a hydraulic 
jack with a capacity of 10 kN. A constant loading rate of 
0.15 mm/min was selected and administered using a triaxial 

test apparatus. The tank was positioned atop the triaxial pis-
ton head, which had a rounded socket.

The loading tests utilized a strip footing with a width 
of 80 mm, length of 100 mm, and height of 80 mm, con-
structed by 8-mm-thick steel plates to ensure rigidity 
(Fig. 4). To achieve full frictional conditions along its base, 
the underside of the footing was roughened by applying 
coarse sandpaper. Grooves with V-shaped were carved along 
the base plate’s length, allowing for various eccentricities 
(e/B = 0, e/B = 1/12 = 6.7 mm, e/B = 1/6 = 13.3 mm, and 
e/B = 1/3 = 26.7 mm). To prevent possible changes in the 
eccentricity of the rotating footing during the tests, a thick-
ness of 2 mm was applied under the grooves.

Plane strain conditions were achieved by setting the 
length of the foundation, which was placed directly on the 
sand surface, equal to the width of the tank.

The load was applied using a sharp edge of the loading 
knife positioned on specific grooves based on eccentricity. 
This load was supported through a 6 kN capacity proving 
ring attached to the upper beam of the press. The elevation 
of the tank was gauged by affixing two indicators dial to 
the side rods of the press. The calculation of the footing’s 
vertical displacement involved subtracting the deformation 
of the load ring from the tank’s average height during the 
test. Additionally, two dial indicators positioned on the glass 
plates were employed to determine the lateral deformation 
of the glass plates.

Test materials

The fill soil utilized for the model tests in this research was 
locally sourced Black Sea Coastal Sand, characterized by 
a particle size distribution spanning approximately 0.2 to 
4 mm (medium-coarse). According to the Unified Soil Clas-
sification System (USCS), this fill soil was categorized as 
poorly graded (SP) (ASTM D-6913, 2017). Table 1 outlines 
the physical properties of the sand.

Gear
Piston

Rods

Proving

ring

Loading

knife

Beam

Indicators

with dial

30o

Footing

Soil material

Tank

0.90 m

40 mm

Reinforcement

Fig. 3   The experimental design’s loading mechanism
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At a relative density of Dr = 0.74, the internal friction 
angles of the sand were determined using shear box tests 
with internal dimensions of 60 mm × 60 mm, and triaxial 
tests with a diameter of D = 38 mm. A study by Cornforth 
in 1964 suggested a relationship among ϕsb shear box (sb), 
ϕtr triaxial (tr), and ϕps (plane strain) angles.

The difference between these calculated angles can reach 
up to 8 degrees.

At a relative density of Dr = 0.74, the internal friction 
angles of the sand were 41° (ϕsb) in the shear box tests and 
43° (ϕtr) in the triaxial tests (Table 1). For strip footings, it is 
necessary to calculate the ideal internal friction angle from 
the plane strain (ϕps). As determining the sand’s internal 
friction angle calculated from the plane strain (ϕps) experi-
mentally was not feasible, according to the Lade and Lee 
(1976) formula, it was presumed to be 48°.

To achieve a general shear failure during the tests, the 
sand was positioned within the tank at an appropriate den-
sity, consistently maintaining a relative density of Dr = 0.74 
throughout all the tests. In the tests, the sand was layered 
in 50-mm increments to create a flat height of 400 mm and 
a slope height of 115 mm within the tank (Fig. 3). Each 
50-mm layer (7112 g) was loosely deposited as a uniform 
layer approximately 57-mm thick and lightly compacted to 
reach a thickness of 50 mm using a wooden hammer. Hori-
zontal lines were drawn at intervals of 50 mm on the inter-
nal face of the glass plate to ensure thickness of the layer. 
This process was performed until the sand measured 0.4 m 
(5B) in height. For a slope height of 115 mm, three wooden 
wedges were used to build the layers gradually. Initially, 
a wooden wedge was positioned on a flat soil mass with a 
height of 400 mm, and 6382 g of sand was added to form 
a thick layer of 50 mm in the tank. Subsequently, a second 

(1)𝜙sb < 𝜙tr < 𝜙ps

(2)𝜙ps = 1.5𝜙tr − 17
◦(𝜙tr > 34

◦)

wooden wedge was positioned atop the first one, and 2852 g 
of sand was deposited to create a 25-mm layer. This was fol-
lowed by positioning a geotextile and adding an additional 
2852 g of sand to form another 25-mm-thick layer. Finally, 
the procedure was replicated for a 15-mm-thick layer. Once 
the sand-filling process was completed, a model footing with 
a width of 80 mm was positioned. Considering the common 
practice of taking a significant depth (usually (3–4) times 
the footing width) for strip foundations, sand with a depth 
of 0.515 m beneath the footing was deemed adequate, as it 
represents the most influential depth. The dry or relative 
density of the sand in the tank was determined by measur-
ing the mass of the removed sand. Prior to the actual tests, 
multiple sand fillings were conducted in the tank, demon-
strating strong concordance among the trials. The relative 
density error was < 1% in these instances. Utilizing this 
sand-filling method in the tank eliminates the necessity for 
excavation and facilitates the creation of a sloping surface 
with a desired angle, thereby enabling uniform sand compac-
tion. Subsequently, the strip footing was positioned on top of 
the compacted sand, and the load was incrementally applied 
until failure occurred.

A geotextile made of woven polypropylene, provided by 
Salteks Ltd., Istanbul, Türkiye, was used as reinforcement 
within the sand fill at a depth of 40 mm (B/2) for each trial. 
The reinforcement was placed horizontally behind the slope 
face along the length of the slope and across the footing 
direction (from the boundary of the tank to the sloped fill 
surface). The geotextile properties are listed in Table 2.

Test procedure

The tank was positioned on the piston and filled with sand. 
Selvadurai and Gnanendran (1989) and Laman et al. (2007) 
identified the optimal depth of the geotextile as B/2 for 
maximum effectiveness. Hence, in this study, a sole woven 
geotextile matching the tank plan area was horizontally 
embedded beneath the surface of the sand at a depth of 

Table 1   The sand’s physical 
properties

Physical property Symbol Unit Quantity

Effective diameter D10 mm 0.58
Diameter corresponding to 30% passing percentage D30 mm 0.80
Diameter corresponding to 60% passing percentage D60 mm 0.95
Curvature coefficient Cr - 1.16
Uniformity coefficient Cu - 1.64
Particle specific density (ASTM D854-14) Gs - 2.66
Internal friction angle (ASTM D3080/D3080M-11) ϕdirect shear degree 41
Internal friction angle (ASTM D7181-20) ϕtriaxial degree 43
Dry density ρdry Mg/m3 1.581
Minimum dry density (ASTM D4254-16) ρdry(min) Mg/m3 1.395
Maximum dry density (ASTM D4253-16) ρdry(max) Mg/m3 1.658
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B/2 = 40 mm. Subsequently, at a distance of 160 mm (De = 2 
B) from the edge of the slope, the footing was positioned as 
depicted in Fig. 3. The upper beam was set in place and the 
loading mechanism descended onto the sand. Two dial indi-
cators were attached to the glass walls, and two dial indica-
tors were affixed to the piston rods. Gradual load increments 
were applied until failure occurred, and at consistent time 
intervals, data collected from indicators with a dial were 
documented. The footing displacements, lateral deforma-
tions of the glass walls, and applied loads were measured 
using all indicators with a dial. When a failure occurred, the 
test was stopped.

Test program

The primary focus of the test program involved conducting 
load tests on a strip footing positioned on both unreinforced 
and reinforced slopes. Experiments performed at different 
eccentricities were replicated several times to validate the 
reliability and consistency of the collected data. Load–dis-
placement curves were obtained for the test models, and the 
ultimate bearing loads were determined from the response 
curves.

Numerical modeling

This study employed ANSYS (professional version v.10), 
utilizing the finite element method, to analyze the behaviors 
exhibited by both unreinforced and reinforced sand slopes. 
ANSYS offers a broad spectrum of finite element analysis 
capabilities, encompassing simple linear static analyses to 
intricate nonlinear transient dynamic analyses and rendering 
effective solutions for numerous geotechnical engineering 
problems.

In the ANSYS program, eight nodded solid elements 
(SOLID 185) suitable for solid-volume elements were cho-
sen. SOLID 185 was employed for the three-dimensional 
modeling of solid structures, characterized by eight nodes, 
each possessing three degrees of freedom.

When geometric modeling was performed, the wooden 
sides in the test tank and the outer surfaces of the glass plates 
were considered rigid. To solve the contact problem, contact 
elements were created with 0.1-mm spacing between the 

glass and sand surfaces. Glass surfaces and steel model strip 
footing were defined as linear-elastic materials, whereas the 
behavior of sand was used as the Drucker–Prager model. The 
friction angle between the glass and sand surfaces was set 
as 11°. It was assumed that there was full friction between 
the sand and model footing. The friction angle between the 
sand and model footing was accepted as 40° because this 
value was close to the internal friction angle (Kumar and 
Bhoi 2008).

Soil modeling

In this study, the soil was considered as sand with dimen-
sions of 900 mm × 100 mm × 500 mm, modulus of elas-
ticity of 24,000 kN/m2, Poisson’s ratio of 0.2, dry density 
of 1.581 Mg/m3, cohesion of 0.005 N/mm2, and internal 
friction angle of 41°. The behavior of the soil, acting as an 
elastic-perfectly plastic material, was simulated using the 
Drucker-Prager yield criterion to replicate sand characteris-
tics. The sand-soil model is shown in Fig. 5.

Geosynthetic reinforcement modeling

In this study, the geotextile served as a type of reinforcement 
to enhance the bearing capacity. The selection of the struc-
tural element to replicate the soil reinforcement and its inter-
action with the soil is of substantial importance for numeri-
cal modeling outcomes (Yu et al. 2015). The dimensions of 
the reinforcement were 770 mm × 100 mm. Reinforcement 
modeling utilized the Linear Isotropic Model as its material 
representation and employed link 8 as the element type.

Strip footing modeling

In this study, the strip footing was modeled as steel, using 
a Linear Isotropic Model as the material and Solid 45 as 

Table 2   The geotextile properties

Property Unit Quantity

Width of roll m 5.2
Mass per unit area g/m2 430
Modulus of initial tangent kN/m 218.9
Tensile strength (longitudinal-transverse) kN/m 86
Elongation at break (longitudinal-transverse) % 14

Fig. 5   Solid mesh of soil and footing modeling
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the element type. The dimensions of the steel footing were 
80 mm × 100 mm × 8 mm. The input data for this model was 
a modulus of elasticity of 200 × 106 kN/m2 and Poisson’s 
ratio of 0.3. The model footing had coarse sandpaper affixed 
to its base, ensuring a complete boundary at the interface.

Figure 5 shows the finite element mesh of a sand slope 
subjected to axially vertically loaded strip footing. The 
dimensions of the numerical model for plane strain were 
identical to those of the experimental setup. In the model, 
the lower boundary constrained both horizontal and vertical 
deformations, whereas only the horizontal deformation was 
constrained in the lateral boundaries. This approach aims to 
replicate the boundary conditions of the experimental design 
as closely as possible.

Results and discussions

Tests on bearing capacity were conducted by employing 
strip footing subjected to eccentric loading in proximity to 
both unreinforced and reinforced sand slopes. The tests were 
conducted using eccentricities ranging from e/B = 0 to 1/3 
on dense sand at a relative density (Dr) of 0.74. Experi-
ments performed at different eccentricities were replicated 
twice to ensure accuracy of the experimental measurements. 
Therefore, this study focused on determining and assessing 
the impact of eccentricity on the ultimate load–displacement 
behavior. In addition, a numerical analysis of a prototype 
footing-slope system based on an experimental design was 
conducted to examine the impact of the same parameter. The 
analysis was performed using the finite element program 
ANSYS (professional version v.10). The sand was simu-
lated using an elastic-perfectly plastic material model. The 
program’s validation involved comparing the experimental 
research findings with those obtained from the numerical 
analysis.

Load–displacement relations

Unreinforced case

Figures 6, 7, 8 and 9 present the comparison between the 
load–displacement relations calculated using finite element 
analyses and results obtained from the model tests for the 
strip footing subjected to central and eccentrical loading, 
positioned near unreinforced sand slope. The figures show 
that the model test results corroborate the findings obtained 
through finite element analysis, and the load–displacement 
relation of model test shows similarity with the load–dis-
placement relation of finite element analysis. The difference 

in ultimate loads between the model test and the analysis 
results are within 5%.

The ultimate loads decreased as the eccentricities 
increased, which was observed consistently across both the 
model test and finite element analysis cases. In addition, 
the values depicting vertical displacement upon reaching 
failure (ΔH) decreased as eccentricity increased. However, 
this decrease in the values depicting the vertical displace-
ment upon reaching failure (ΔH) of the model test cases 
with increasing eccentricities is larger than that of the 
finite element analysis cases.
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Fig. 6   Load–displacement relation calculated using the analysis and 
results derived from the conducted model test for the strip footing 
subjected to central (e/B = 0) loading, positioned near unreinforced 
sand slope
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Reinforced case

Figures 10, 11, 12 and 13 present the comparison between 
the load–displacement relations calculated using finite ele-
ment analyses and results obtained from the model tests 
for the strip footing subjected to central and eccentrical 
loading, positioned near reinforced sand slope. In rein-
forced cases, there are similar results with unreinforced 
cases. The utilization of reinforcement led to an increase 
in the ultimate load in the analysis and the model test.

The presence of the reinforcement increased both the 
ultimate load and vertical displacement (ΔH) until soil fail-
ure. In other words, the reinforcement enhanced the correla-
tion between the load and displacement. This characteristic 
remained consistent across all the eccentricity cases.

Conclusions

On the unreinforced and reinforced sand slopes, centrally 
and eccentrically loaded bearing capacity tests of model 
strip footing were performed with an experimental design 
under plane strain (particularly deformation) conditions. 
The experimental design was likened by using a finite 
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Fig. 8   Load–displacement relation calculated using the analysis and 
results derived from the conducted model test for the strip footing 
subjected to eccentrical (e/B = 1/6) loading, positioned near unrein-
forced sand slope
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element model called ANSYS, and the sand was mod-
eled using an elastic–perfectly plastic material model. 
The experimental results were compared with the finite 
element analysis results regarding the ultimate loads and 
load–displacement behavior. The important findings from 
the model test results and finite element analyses are as 
follows:

•	 The footing model test results on unreinforced and rein-
forced sand slopes were validated using ANSYS and 
were in good agreement with the finite element analysis 

results regarding load–displacement and general behavior 
trends.

•	 It was observed that when the eccentricity increased, the 
ultimate load decreased in the model test and the finite 
element analysis cases. In addition, the values depict-
ing the vertical displacement (ΔH) upon reaching failure 
decreased with increasing eccentricity. However, this 
decrease in values depicting the vertical displacement 
(ΔH) upon reaching failure of the model test cases with 
increasing eccentricities was larger than that of the finite 
element analysis cases.

•	 The use of reinforcement increased the ultimate load in 
both the finite element analysis and the model test. In 
addition, the reinforcement both increased the ultimate 
load of the footing and the values depicting vertical dis-
placement (ΔH) upon reaching failure.
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