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On the behaviour of shallow foundations constructed on reinforced soil slope - a

numerical analysis
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ABSTRACT

The bearing capacity of foundations is one of the interesting subjects in geotechnical engineering. In
many cases, constructing foundations on natural or artificial soil slopes to develop the infrastructures
is controversial. The construction of foundations on slopes can significantly affect the bearing capacity
and slope stability. Soil stabilisation by polymer reinforcements is a modern method employed in
various projects to prevent the failure of soil slopes and to improve the bearing capacity of foundations,
subsequently. This paper aims to evaluate the bearing capacity of shallow strip foundations constructed on
geosynthetic reinforced sand slope using a finite difference programme, FLAC. The effects of geometrical
and resistivity parameters of reinforcements layers was investigated for determining the optimal values to
achieve maximum bearing capacity. Furthermore, the effects of strength properties of sand embankment,
foundation position and slope angle on the behaviour of strip foundation rested on reinforced soil slope
were investigated. The results indicated that the bearing capacity of shallow foundations remarkably
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increased using geosynthetic reinforcement layers.

1. Introduction

Reinforcing soil by geosynthetics is one of the modern soil
improvement techniques. During recent years, numerous
studies have been carried out on the behaviour of reinforced
sand (e.g. Marandi and Javdanian 2012; Javdanian et al. 2012a,
2012b; Ziaie-Moayed and Kamalzare 2015; Prasad et al. 2016;
Oliaei and Kouzegaran 2017; Badakhshan and Noorzad 2017;
Makkar et al. 2017a, 2017b; Mamatha and Dinesh 2017; Abu-
Farsakh et al. 2017; Ardah et al. 2017; Saghebfar et al. 2017a)
and reinforced clay (e.g. Otani et al. 1998; Thallak et al. 2007;
Park and Lee 2010; Biswas et al. 2015; Javdanian 2017) soils. The
results showed an improvement in the bearing capacity and the
settlement of shallow foundations on geosynthetic reinforced
soils (Javdanian et al. 2012¢; Cicek et al. 2015; Rashidian et al.
2016; Javdanian and Bahrami 2016). It was also highlighted in a
comprehensive study conducted by Das and co-workers (Shukla
et al. 2009, 2011; Das 2016) on the role of geogrid, as one of
the most widely used geosynthetics, in the bearing capacity
improvement of soils.

Given the growing urban areas, construction in the vicin-
ity of slopes has become inevitable which may cause numerous
problems for geotechnical engineers. Construction projects,
constructing roads, bridge abutments and in urban areas with
insufficient space have to be carried out in mountainous areas
(Javdanian and Shojaee 2017). Therefore, building foundations

on the soil slopes is inevitable in such cases. On the other hand,
irreparable damages have occurred in many cases due to incor-
rect assessment of bearing capacity of foundations and soil slope
stability. Hence, researchers have been studying the behav-
iour of reinforced soil slopes through analytical (Sawicki and
Lesniewska 1991; Zhao 1996; Michalowsk 1997; Zornberg et al.
1998a, 1998b) and laboratory (El Sawwaf 2007; Choudhary et al.
2010; El Sawwaf and Nazir 2012; Saghebfar et al. 2017b) studies.
Laboratory studies of Yoo (2001) on the bearing capacity of
strip foundations rested on reinforced sand slopes indicated that
the arrangement of reinforcements significantly affects the per-
formance of reinforced soil-foundation system. Alamshahi and
Hataf (2009) explored the behaviour of reinforced soil slopes
using experimental study and finite element analysis. Their results
demonstrate an increase in the bearing capacity of foundation
located on a soil slope stabilised by various reinforcements.
Despite extensive studies on the behaviour of geosynthetic
reinforced soils, any economic design and safe performance of
substructure requires an in-depth investigating bearing capacity
of foundations constructed on reinforced soil slopes under var-
ious conditions. Therefore, this research focuses on the bearing
capacity of shallow strip foundations rested on geogrid-rein-
forced sand slopes through finite difference numerical analysis.
The effects of reinforcement’s geometric parameters, the effects of
strength parameters of sand embankment, foundation position
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and slope angle on the behaviour of shallow strip foundation on
reinforced slopes were investigated.

2. Numerical modelling

In this research, the finite difference (FD) programme, FLAC?P
(Fast Lagrangian Analysis of Continua) (Itasca 2011), was applied
for modelling shallow foundation rested on geogrid-reinforced
and unreinforced soil slope. The FD modelling was conducted
to determine ultimate carrying loads (i.e. bearing capacity) of
shallow strip foundation rested on soil slope stabilised with geog-
rid reinforcement layers. Many researchers have employed the
FD programme of FLAC for investigation of the stress—strain
behaviour of reinforced soil structure (e.g. Deb et al. 2007; Zhao
and Wang 2008; EI-Emam et al. 2012; Yu et al. 2015; Oliaei and
Kouzegaran 2017; Benmebarek et al. 2017).

Figure 1 depicts the model configuration of foundation con-
structed on geogrid-reinforced soil slope. In this figure, B, e, 3,
L, u, z, N and d stand for width of the shallow strip foundation,
distance of foundation to the slope crest, soil slope angle, width
of the geogrid reinforcement layer, depth of the first geogrid layer
from the foundation bottom, vertical spacing of reinforcement
layers, number of reinforcement layers and depth of reinforced
soil, respectively. The boundary conditions of reinforced soil
slope are also demonstrated in Figure 1. The movement of the
vertical boundaries is fixed in the horizontal direction and the
bottom of the model is fixed in all directions. To eliminate the
boundary effect on the assessment of ultimate carrying load, the
boundaries of the FD models is considered far from the foun-
dation (Figure 1).

The embankment was modelled as sandy soil and the Mohr-
Coulomb failure criterion was applied for modelling soil behav-
iour. Geogrid reinforcement layers were modelled as linear
elastic cable elements. These elements have tensile strength and
no compression and flexural resistance. In order to simulation of
soil-geogrid sliding (Bergado et al. 1993) the interface elements
(Bergado and Teerawattanasuk 2008) was utilised. The properties
of sandy soil, geogrid reinforcement, and interface elements uti-
lised in the finite difference (FD) based modelling with FLAC are
presented in Table 1. It is noted that, the foundation width (B),
slope angle (f8), and foundation distance to slope crest (e) were
considered equal to 1.5 m, 35° and 1.5 m, respectively.

The ultimate bearing capacity (q,) of foundations in FD
numerical models was determined using load-displacement
curves. The g was defined as the pressure corresponding to
the settlement value equal to 0.1B. This criterion was utilised
by many researchers to characterise ultimate bearing capacity
of shallow and also deep full-scale foundations (e.g. Reese and
O’Neill 1988; Ghionna et al. 1994; Amar et al. 1994; Ghazavi and
Lavasan 2008). The improvement in ultimate bearing capacity
of foundation due to reinforcement inclusion is quantified using
the dimensionless parameter ‘Bearing Capacity Ratio (BCR)’ as
Equation (1):

qu-rein forcer
BCR = —sreiforeed 0

qu-unreinforced

where, g, ..., is the ultimate bearing capacity of foundation
located on reinforced soil slope and g, . is the ultimate
u-unreinforced

bearing capacity of foundation located on unreinforced soil slope.

2.1. Model verification

In order to verify the validity of FD-based numerical models, the
results of FLAC 2D modelling were compared with the labora-
tory results. For this purpose, the results of laboratory tests on
foundations rested on reinforced and unreinforced soils, foun-
dations rested on reinforced soil slope, and field experiments on
large-scale foundations were used. The dimensions and specifica-
tions of the physical model were simulated and the results of the
numerical method were compared with the experimental results.

2.1.1. Foundations on unreinforced/reinforced sand

Boushehrian and Hataf (2003) studied behaviour of circular
model foundation on geogrid reinforced sand using an experi-
mental programme. In their experiments, a tank with a diameter
of 1 m and height of 1 m, as well as sandy soil with an inter-
nal friction angle of ¢ = 38° and relative density of D_= 45%
were utilised. The model involved a foundation with a diameter
of 15 cm and geogrid reinforcement with a tensile strength of
28 kN/m. The pressure-settlement curves obtained from labo-
ratory tests and modelling by FLAC under unreinforced and
geogrid-reinforced conditions have been compared in Figure
2(a). Furthermore, Figure 2(b) shows the variations of bearing
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Figure 1. Geometrical parameters for model of foundation constructed on geogrid-reinforced soil slope.
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Table 1. Properties of sandy soil, geogrid-reinforcement layers and interface ele-
ments in numerical modelling.

Sandy soil properties

Unit weight, y (kN/m?) 18
Elastic modulus, E (kPa) 35,000
Shear modulus, G (kPa) 12,500
Cohesion, ¢ (kPa) 1
Friction angle, ¢ (deg.) 37
Dilation angle, ¢ (deg.) 7
Poisson’s ratio, v 0.33
Reinforcement property
Tensile strength, EA (kN) 100
Interface properties
Friction angle, & (deg.) 33
Cohesion, ¢’ (kPa) 0.1
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Figure 2. Verification for foundation on reinforced and unreinforced sand, (a)
carrying capacity, (b) variation of BCR with N.

capacity ratio (BCR) against the number of geogrid reinforcing
layers. There is satisfactory agreement between numerical and
experimental results.

2.1.2. Foundations on unreinforced/reinforced sand slope

Alamshahi and Hataf (2009) investigated the behaviour of strip
foundations located on reinforced soil slopes through labora-
tory studies. In their experiments, a tank with dimensions of
0.6 X 0.5 x 1.3 m and a strip foundation of 50 x 10 cm were used.
The slope had an angle of 32°. They employed CE131 geogrid
with a tensile strength of 5.8 kN/m to reinforce the soil slope.
The sandy soil had a relative density of 70%, unit weight of 16.9

INTERNATIONAL JOURNAL OF GEOTECHNICAL ENGINEERING . 3

kN/m® and friction angle of 38°. The results of laboratory studies
by Alamshahi and Hataf (2009) and FLAC modelling in unrein-
forced condition and reinforced with a geogrid layer have been
shown in Figure 3.

2.1.3. Large-scaled foundation on unreinforced soil

In order to verify the numerical analysis under full scale condi-
tion, the field test results of loaded circular foundation reported
by Consoli et al. (1998) was used. The field test was conducted
on rigid steel plate with diameter of 60 cm. The soil layer where
loading test was carried out is classified as low plasticity clay
(CL) according to the Unified Soil Classification System (USCS)
(Consoli et al. 1998). Also, the soil deposit had an average unit
weight of 17.7-18.2kN/m?, friction angle of ¢ = 26°, and a cohe-
sion of 17 kPa. Figure 4 shows the measured and numerical
evaluation of load-carrying characteristics of foundation. The
numerical predictions obtained in this research seem reasona-
ble and agree well with the measured (experimental and field)
results.

3. Results and discussions

3.1. Geometrical and strength parameters of
reinforcement layers

Reinforcement element is one of the main components of any
reinforced soil slope and reinforced earth structure. Therefore,
their characteristics affect the behaviour of foundations con-
structed on reinforced soil slopes. The behaviour and perfor-
mance of reinforced soil foundation are substantially affected by
geometric characteristics of reinforcements including distance
between the first reinforcement layer and the foundation bottom
(u), vertical distance between the layers (z), reinforcement layer
width (b), number of layers (N), total reinforced depth (d) and
the reinforcement’s resistance parameter (i.e. tensile strength of
geogrid). The following sections discuss the effect of each param-
eter on the behaviour of strip foundations rested on reinforced
soil slopes.

3.1.1. Effect of depth of the first reinforcement layer

Figure 5 illustrates the variations of bearing capacity ratio (BCR)
against the depth ratio of the first reinforcement layer (u/B)
for single- and double-layer reinforcements. The load transfer
mechanism was investigated using FD analysis. If the reinforce-
ment layer placed near the foundation, the soil mass above the
first geogrid layer becomes extremely thin and unable to pro-
duce enough resistance to prevent pulled out reinforcements.
Therefore, it can be predicted that the reinforcements may be
ruptured in practical cases due to failure wedge induced pressure
underneath the foundation. Moreover, there will be small normal
force applied on the geogrid surface as one of the factors contrib-
uting to proper operation of reinforcement layers. In reality, at
low values of depth ratio, the lack of confining pressure for the
first reinforcement layer results in its improper operation. For
(u/B)Opt = 0.3, the reinforcement is able to distribute load across
a wider surface below the foundation and can produce desirable
pull-out resistance under extreme overhead pressure. In this case,
the best load transfer mechanism can be adopted owing due to
the involvement of reinforcements.
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500

450 - -
400 - -7

350 - s

300 -
250 - ’

/
200 - ’ \
’
’

1504 Jv Numerical (FLAC), this study

Bearing pressure (kPa)

100 -
50 1

0

0 10 20 30 40 50 60 70 80 90 100
Settlement (mm)
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Figure 5. Variation of BCR with the depth ratio of first reinforcement layer.

Where the first reinforcement layer is placed at a great depth,
the plastic deformation zone under the reinforcing layer does not
spread and a failure zone produces above the layer. Therefore,
it is ineffective to place the reinforcement under the optimum
depth (which results in maximum bearing capacity), since the
failure wedge lies on top of the reinforcement layer. For two rein-
forcement layers at u/B = 0.3, the bearing capacity ratio (BCR)
significantly increases due to adjacency of the second geogrid
layer to the failure zone (Figure 5).

3.1.2. Effect of width of reinforcement layer

Figure 6 shows the bearing capacity ratio versus the variations in
reinforcement width ratio (L/B) for single-layer reinforcement
(N = 1) condition. The results indicated that BCR generally
increases at higher reinforcement width ratios. At greater rein-
forcement lengths, the frictional force increases as a result of
applying normal forces per unit of reinforcement length, which
in turn improves the reinforcement’s frictional resistance. In fact,
a part of geogrid layer placed outside the failure zone is sup-
posed to produce sufficient frictional resistance against pull-out.
Improvement of bearing capacity continues up to (L/B), = 5 and
beyond it remains approximately constant. The reason behind
increased bearing capacity at greater L/B ratio is the delay in
geogrid slip. At lower L/B ratios, the geogrid slip prevents the
bearing capacity from being maximised. On the other hand,
there is an increase in bearing capacity even at small L/B ratios.
In fact, the presence of reinforcements in the soil is enough to
increase the bearing capacity, but it is crucial to lengthen the
reinforcements to enhance the efficiency of soil-reinforcement
system.

3.1.3. Effect of vertical spacing of reinforcement layers

The results indicated that there is an optimal value for vertical
distance between the reinforcement layers. Figure 7 illustrates
the variations in BCR versus variations in the vertical distance
ratio between reinforcement layers (z/B) for N = 1 and 2 condi-
tions. As shown in this figure, (Z/B)Opt = 0.3 has been obtained.
The effect of vertical distance between the reinforcement layers
on the bearing capacity can be associated with placement of next
layers in the failure zone. By proper arrangement and place-
ment in the failure zone, these layers modify the distribution
of stresses.

3.1.4. Effect of number of reinforcement layers

This section deals with the effect of the number of reinforcement
layers (N) on the bearing capacity ratio (BCR). The results of FD
analysis using FLAC programme demonstrated that the number
of reinforced layers has the greatest effect on bearing capacity
compared to other parameters. Figure 8 shows the variations in
bearing capacity ratio by changing the number of reinforcement
layers. The analyses carried out with the depth ratio of the first
reinforcement layer and the distance between reinforcement
layers of z/B = u/B = 0.3.

Based on the results (Figure 8), the BCR increased with
increasing of number of reinforcement layers up to N = 3 (pro-
portional to the reinforced depth) and more than three layers the
increasing value of BCR was insignificant. In fact, at N = 4, the
fourth layer is located at a great depth to the foundation bottom,
and the tensile strength of this reinforcement has not been much
triggered by the involvement of above three reinforcement layers.
Hence, the fourth layer has no significant effect on improvement
of bearing capacity.

3.1.5. Effect of reinforced depth

Figure 9 shows the effect of reinforcement depth on the bearing
capacity of foundations located on geogrid-reinforced soil slopes.
The overall reinforcement depth can be defined as follows:

d=u+ N -1z (2)
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Figure 9 illustrates variation of BCR against the reinforced
depth ratio (d/B) for the number of reinforcement layers equal to
N=1,2,3and 4. Using Equation (2), the corresponding reinforce-
ment depths are d = 0.3, 0.6, 0.9 and 1.2. In the Figure 9, based on
the results of the previous sections, optimal geometric location
of reinforcement layers were assumed equal to u/B = z/B = 0.3.
According to the analyses, the reinforced depth (d) beyond N=3
does not have a significant effect on improvement of bearing
capacity. Hence, the placement of reinforcements at great depth
will not improve the bearing capacity of foundation.

INTERNATIONAL JOURNAL OF GEOTECHNICAL ENGINEERING . 5

3.1.6. Effect of tensile strength of reinforcement layers
Figure 10 shows the variations of bearing capacity ratio (BCR)
with reinforcement’s tensile strength (EA) for number of layers
equal to N =1, 2 and 3. As shown in this figure, an increase in
reinforcement’s tensile strength up to approximately 100 kN/m
leads to higher bearing capacity of reinforced soil slope. Beyond
that level, there is no significant variation in the bearing capacity
ratio. Therefore, it can be inferred that application of reinforce-
ments with maximum design stress of 100 kN/m is desirable
and safe in practical purposes. This suggests that increase in the
strength of reinforcements beyond a certain level cannot improve
the bearing capacity. It is best to achieve the desired bearing
capacity by appropriate arrangement of reinforcement layers.

3.2. Strength properties of reinforced sand embankment

In a reinforced soil structure, embankment occupies the largest
space in terms of volume. Due to interactions with its inter-
nal reinforcements, a reinforced embankment affects the shear
stresses created in the reinforcement as well as the pull-out resist-
ance of geogrid-reinforcements layers. In reinforced soil founda-
tions, granular soils are used to maintain durability, high shear
strength, and proper soil-reinforcement interaction.

3.2.1. Effects of internal friction angle of reinforced sand
The effect of internal friction angle (¢) on the bearing capacity
of shallow strip foundations rested on reinforced soil slopes at
one, two, and three reinforcement layers was investigated. The
internal friction angle of sandy soil was changed from 25 to 45
degrees to evaluate its effect on the bearing capacity ratio (BCR).
Figure 11 shows the BCR variations versus the friction angle of
sandy soil (¢ =25, 30°, 37°, 45°). As shown in this figure, the
bearing capacity ratio decreases with increasing of internal fric-
tion angle of sandy embankment. This implies that improvement
in bearing capacity of foundation decreased due to placement of
geogrid-reinforcement layers at greater soil friction angle. This
can be associated with dramatic increase in unreinforced soil
bearing capacity at greater soil friction angle.

3.2.2. Effects of elasticity module of sandy soil

The effect of elastic modulus (E) of embankment on the bearing
capacity of shallow strip foundation over reinforced soil slope
was examined. In this regard, the modulus of elasticity varied
from E = 10 to 70 MPa. Figure 12 illustrates the variations of
tensile forces created in the reinforcement against the elasticity
modulus of sandy soil for single-layer reinforcement. At greater
elastic modulus and lower sand deformability, the strain and sub-
sequently the tensile force reduced in the reinforcement (Figure
12). In general, the load in the reinforced soil system consists of
two parts, which is carried by soil and reinforcement. Increasing
elasticity modulus (E) or internal friction angle (¢) of the sandy
soil lead to increase the soil’s share in carrying load and subse-
quently decrease the tensile force the reinforcements.

3.3. Effect of foundation distance to the slope crest

This section explores the effect of foundation distance to the
slope crest (e) on the bearing capacity of foundation located
on one, two and three layers of geogrid-reinforced slope. The
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results of numerical modelling indicated that an increase in the
foundation distance ratio from the top of the slope (e/B) leads
to lower BCR (Figure 13). In fact, when the foundation lies near
the slope, the reinforcement layers more effectively increase the
bearing capacity. At distances beyond 2B, the behaviour of the
slope-adjacent foundation becomes similar to that of a founda-
tion on flat surface.
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3.4. Effect of soil slope angle

An increase in the soil slope angle () leads to lower bearing
capacity, which is improved by application of geogrid-reinforce-
ment layers (Figure 14). The results indicated that geosynthetic
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reinforcements on steeper slopes provide one of the most eco-
nomical methods of soil stabilisation, which can remarkably
enhance the bearing capacity of foundations constructed on
steep slopes.

4. Conclusions

Given the growing urban areas, construction in the vicinity of
slopes has become inevitable. This has given rise to numerous prob-
lems for engineers. The proper operation of foundations rested on
soil slopes has a great importance. Soil rehabilitation by polymeric
reinforcements such as geogrid layers has provided a new technique
for stabilising soil slopes. This study focuses on the behaviour of
shallow strip foundations constructed on geogrid-reinforced sand
slopes. The effects of reinforcement arrangement, foundation posi-
tion, soil slope, resistance properties of geogrid and sand embank-
ment on the bearing capacity of strip foundation were investigated
using a FD programme, FLAC?”. Based on the numerical analysis
conducted in this study, the following main results were obtained:

« Reinforcement layers cause increase in the bearing capac-
ity of foundations constructed on reinforced soil slopes
due to increase in the shear strength of soil and improve-
ment of sandy soil behaviour in tension, subsequently.

o The optimum depth of reinforcement was obtained to be
approximately (u/B),, = 0.3. The placement of reinforce-
ment at low depths reduces the soil mass on top of the
geogrid, thus hindering an ideal frictional resistance to
prevent the pull-out of reinforcements. The reinforcement
position in a depth exceeding u/B=~0.45 results in forma-
tion of a failure wedge above the reinforcement. Therefore,
the reinforcement will no longer be effective in improving
the bearing capacity of foundations on soil slopes.

o The optimum width of reinforcement layer was obtained
at (L/B)Opt =5 and greater amounts do not have significant
effect on the bearing capacity of foundation over reinforced
soil slopes. In fact, only the shear strength of a part of rein-
forcement in the failure zone underneath the foundation
is mobilised. The excess length beyond this zone will be
necessary as an anchorage to achieve the reinforcement
pull-out resistance. Therefore, the reinforcement width is
equal to the total shear zone and anchorage of two sides.
Any additional width beyond this value is ineffective.

o The optimum value of the vertical distance ratio between
the reinforcement layers was obtained at (z/B)Opt =0.3.

« An increase in the number of reinforcement layers up to
N = 3 will improve the bearing capacity of foundations.
Beyond this, however, there is no significant effect on
increasing the bearing capacity of foundations constructed
on reinforced soil slopes.

o The results of numerical modelling indicated that appli-
cation of geogrids with maximum tensile strength of
EA =100 kN/m will be suitable in practical projects.

o The increase in internal friction angle of sand embank-
ment leads to lower BCR. This can be associated with sig-
nificant increase in unreinforced soil bearing capacity at
greater soil friction angle.

« Anincrease in the elastic modulus of sandy soil leads to lower
sandy soil's deformability. Hence, the strain created and sub-
sequently the tensile force in the reinforcement will reduce.
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o Increase in the foundation distance from the slope crest
(e/B) leads to lower BCR. When the foundation locates
near the slope, the reinforcement layers more effectively
increase the bearing capacity.

o Increase in the unreinforced soil slope angle leads to lower
bearing capacity of the foundation, thus enhancing the
improvement of bearing capacity arising from application
of geogrid-reinforcements.
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