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The behaviour of a strip footing resting on geosynthetics-reinforced slopes
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Abstract. This study utilized small-scale physical model tests to investigate the impact of different types of geosynthetics,
including geocell, planar geotextile, and wraparound geotextile, on the behaviour of strip footings placed on 0.8 m thick soil fills
and backfills with a slope angle of 70°. Bearing capacity and settlement of the footing and failure mechanisms are discussed and
evaluated. The results revealed that the bearing capacity of footings situated on both unreinforced and reinforced slopes
increased with a greater embedment depth of the footing. For settlement ratios below 4%, the geocell reinforcement exhibited
significantly higher stiffness, carrying greater loads and experiencing less settlement compared to the planar and wraparound
geotextile reinforcements. However, the performance of geocell reinforcement was influenced by the number and length of the
geocell layers. Increasing the geocell back length ratio from 0.44 to 0.84 significantly improved the bearing capacity of the
footing located at the crest of the reinforced slope. Adequate reinforcement length, particularly for geocell, enhanced the bearing
pressure of the footing and increased the stiffness of the slope, resulting in reduced deflections. Increasing the length of
reinforcement also led to improved performance of the footing located on wraparound geotextile reinforced slopes. In all
reinforcement cases, reducing the vertical spacing between reinforcement layers from 100 mm to 75 mm allowed the slope to

withstand much greater loads.
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1. Introduction

There are many situations where foundations are located
on the top of a slope (footing on an embankment and
footing of a bridge abutment on sloping embankment).
When a structure are constructed on sloping ground, the
bearing capacity of the footing may be considerably
reduced depending upon the location of the footing with
respect to slope (Javankhoshdel and Bathurst 2017). Among
various stabilization techniques available, reinforcing soil
beneath footings by geosynthetics is a solution to improve
the load-bearing capacity of footing located on the top of
the slope. Use of geosynthetics has been extensively
reported by researchers. These investigations have shown
that both the ultimate bearing capacity and the load-
settlement behaviour of the footing could be improved by
the inclusion of reinforcing layers within the fill slope
(Huang et al. 1994, Lee and Manjunath 2000, Yoo 2001, El
Sawwaf 2007, Alamshahi and Hataf 2009, Choudhary et al.
2010, Latha 2011, Yang et al. 2012, Saride 2013, Turker et
al. 2014, Khalaj et al. 2015, Jesmani et al. 2016, Won ef al.
2016, Hedge and Sitharam 2016, Mehrjardi et al. 2016,
Biswas and Mittal 2017, song et al. 2018 a, b, Kumar et al.
2019, Song and Tian 2019, Kazemian and Arvin 2019,
Fahliani et al. 2021, Ardakani and Namaei 2021, Sarafrazi
et al 2022, Liu et al. 2022, Yazdani and Ashtiani 2022).

Huang ef al. (1994) investigated the failure mechanism
of reinforced sand slopes with bronze strips subjected to
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load on footing. They showed that the strains measured on
these reinforced slopes were equal to those estimated on
prototype-dimension slopes that had been reinforced with
steel strips and high-stiffness geogrids. They categorized
the failure mechanisms for unreinforced and reinforced
slopes by considering the reinforcement length, the
reinforcement position, and the vertical distance between
reinforcements. The failure patterns of reinforced slopes
were largely depended on the arrangements of the
reinforcement layers.

Yoo (2001) experimentally and numerically investigated
the bearing capacity of strip footings on geogrid-reinforced
sand slopes. The results indicated that the bearing capacity
of the footing increased significantly with the placement of
the geogrid layers beneath the footing. The bearing capacity
was controlled by the pattern of the geogrids. El Sawwaf
(2007) studied the behaviour of strip footings on geogrid-
reinforced sand over a soft clay slope. Partial replacement
of the soft clay with a layer of sand significantly increased
the bearing capacity of the footing in the vicinity of the
slope crest. The reinforced sand layer increased the footing
bearing load and decreased the depth of the replaced sand
layer at the same settlement level.

Choudhary et al. (2010) conducted a small-scale
experimental study to investigate the behaviour of a strip
footing on a geogrid-reinforced slope with face angles of
45° and 60°. The results showed that an increase in the
footing width from 100 mm to 200 mm caused a slight
decrease in the bearing capacity of the footing. The bearing
capacity could be improved by increasing the number of
geogrid layers and the distance of the edge of the footing
from the slope crest.
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Fig. 1 Model test set-up: (a) test box with dimensions and (b) loading system and instrumentation

Mehrjardi er al. (2016) investigated the behaviour of a
geogrid-reinforced slope with a dip angle of 45° through
small-scale experimental modelling. The installation of a
geogrid layer in the soil beneath the footing increased the
bearing capacity of the footing in fine and coarse-grained
sands compared to unreinforced slopes. Where the edge
distance was less than the footing width, use length of
geogrids of more than four times the footing width (B) had
no significant effect on the bearing capacity of the footing.
However, for an edge distance of 2B, the use of longer
geogrids improved the footing performance to some extent.
In reinforced slopes, depending on the geogrid length, an
increase in the distance to the edge initially increased the
bearing capacity of the footing and then caused it to
decrease. They further investigated failure mechanisms for
reinforced slopes considering fine and coarse sand types
and the reinforcement length.

Kazemian and Arvin (2019) presented a 3D numerical
model of the stability of geocell-reinforced slopes using the
strength reduction method. Their results showed that the
installation of a geocell layer in the upper part of the slope
improved the performance more than in the middle or lower
parts of the slope. Fahliani ef al. (2021) investigated the
response of a strip footing resting on unreinforced and
geocell-reinforced slopes using a series of small-scale
modelling tests. They reported a significant improvement in
the performance of the footings with the use of one geocell
layer for a back length of zero. They concluded that
extending the geocell length beyond the back length of zero
at a smaller settlement ratio (s/B < 20%, where s is the
settlement of footing and B is the footing width), which was
more than twice the footing width at s/B > 20%, had a
minor effect on the load bearing of the footing.

In most of these studies, researchers have studied the
behaviour of footings situated on the reinforced slopes by
planar geosynthetics or geocells separately, but there is still

a lack of investigations into a comparison of planar and
geocell reinforcements with regard to their benefits on the
bearing capacity of footings. Also, to the author's
knowledge, there is no similar study to evaluate the load-
settlement behaviour of a footing supported by reinforced
slope with wraparound reinforcement. Hence, in the current
study, a series of small-scale experimental model tests were
conducted to evaluate the effectiveness of planar geotextile,
wraparound geotextile, and geocell (formed of geotextile)
reinforcements on the load-settlement behaviour of a
footing resting on a reinforced sand slope. These
experiments were performed on a 70° slope as a steep slope
composed of relatively dense, wet-compacted sandy soil.

The concept of a reinforced steep slope has been
implemented with great success for various applications
such as road widening and the repair of failed slopes (Yoo
2001). The purpose of experimental study was to compare
the performance of the three types of reinforcement that had
the same characteristics and the same reinforcement
material mass. The type of failure mechanism of reinforced
slopes were also examined. The parameters investigated in
testing program included the vertical distance between the
reinforcement layers, the length of the reinforcements, and
the embedment depth of the footing. It should be noted that
only one type of reinforcements, one footing width, and one
type of sand were used in experimental tests.

2. Experimental program

A series of model tests were conducted inside a 1300
mm X 1100 mm % 900 mm (length x width x height) rigid
testing box (Fig. 1). All sidewalls of the box were composed
of smooth 8-mm-thick transparent panels to allow
observation of the deformation during testing. Hollow,
square steel bars were affixed to the transparent sides to
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Fig. 2 Schematic of reinforced slope (not to scale): (a) Test set-up and geocell reinforced slope, (b) Characteristics of
planar geotextile and (c) Characteristics of wraparound geotextile

prevent undesirable lateral deformation of the box. To
minimize the boundary friction at the front and back sides
of the box, silicon oil was applied to the interface between
the sand and sidewalls during preparation of the model.

The box comprised the testing chamber, loading system,
and data acquisition system. The loading system comprised
a loading frame, 30-ton hydraulic jack, and power unit. The
loading frame consisted of two circular steel columns and
an I-shaped beam that supported the hydraulic jack. To
avoid dependence on the loading rate in the soil-footing
response, it was set at 1.0 mm/min. Both the load and
displacement were automatically recorded by the data
acquisition system. An S-shaped load cell with 50 kN
capacity and 2.0 mV/m sensitivity was placed between the
loading system and footing to measure the applied load
(Fig. 1). Three linear variable displacement transducers
(LVDTs) were used to monitor and measure the settlement
and rotation of the footing during testing. Another LVDT
was placed horizontally near the crest of the slope to record
any horizontal displacement of the slope crest during testing

(Fig. 1).

2.1 Problem definition

The geometry of the problem investigated in the model
tests is shown in Fig. 2. Model testing was conducted on a
soil slope with a height of H =800 mm and slope angle of a
= 70°. A shallow rigid footing with a breadth of B = 300
mm was placed at different embedment depths. Embedment
depths D = 0 and D = 100 mm were considered as surface
and shallow embedded footings, respectively. The distance
between the left sidewall of the footing and the slope crest
(i.e., edge length) was L; = 200 mm. It should be noted the
dimensions were chosen so that the boundary conditions
have the less influence on the test results.

To evaluate the effectiveness of geosynthetics
reinforcements on the behaviour of the footings resting on
the soil slope, geocell layers of length bg, width W, height
h, and spacing d were placed at the depth of the top of the
first geocell layer beneath the footing base u (Fig. 2(a)). For
the planar-geotextile reinforced slope (Fig. 2(b)), the
geotextile layers used had length bp and width Wp. For the
wraparound-geotextile reinforced slope (Fig. 2(c)), the tests
were conducted using wraparound geotextile layers of
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Fig. 3 Soil used in the model tests

Table 1 Properties of sand used in model tests

Description Value
Medium grain size, Dso (mm) 0.22
Minimum void ratio, emin 0.57
Maximum void ratio, emax 0.81
Relative density, Dr (%) 60
Specific gravity, Gs 2.79
Peak friction angle, @r (°) 32
Residual friction angle, ¢- (°) 29
Dilation angle, vy (°) 4

length by, height A, width Wy, and lap length L. The width
of all geosynthetics reinforcements is 1100 mm. All
dimensions are presented at model scale unless stated
otherwise.

2.2 Materials used for testing

2.2.1 Soll

The soil used was uniform sand classified as SP
according to the Unified Soil Classification System, with
the properties of D;p = 0.17 mm, D5y = 0.22 mm, C, = 1.39,
C. = 0.97, emar = 0.81, and e, = 0.57. Fig. 3(a) shows the
grain-size distribution curve of the sand. All tests were
carried out at a relative density (Dr) of 60% (corresponding

Table 2 Properties of model reinforcement materials

Description Geotextile Geocell
Type Non-woven I\g:(l)-t‘;/;\i,lzn
Mass per unit area (g/m?) 80 -
Thickness, (mm) 0.23 0.23
Tensile strength (kN/m) 1.4 1.4
Strength at 5% (kN/m) 0.48 0.48
Junction strength (kN/m) - 1.52

to a unit weight of 16.4 kN/m?) and a moisture content of
5%. The friction and dilation angles were determined by
direct shear test at normal stresses ranging from 25 kPa to
125 kPa (see Fig. 3(b)). The properties of the sand used in
the model tests are summarized in Table 1.

2.2.2 Reinforcements

Non-woven polypropylene geotextile was used to make
the geocell and wraparound geotextile. The geotextile was
chosen to have a low tensile strength to model the prototype
material. The tensile strength of a geotextile sample of 50
mm in width was 1.4 kN/m at the model scale (based on
ASTM DA4595). The tensile test results for the non-woven
geotextile are shown in Fig. 4. Table 2 summarizes the
geotextile and the geocell properties.

The geocell were made from non-woven geotextile
strips glued together to form a honeycomb pattern with
cross-diagonal members and an open top and bottom. To
evaluate the seam strength of the geocell, force was applied
at the two ends of the sample at the junction until the seam
failed (Chen and Chiu 2008). The junction strength of the
geocell was 1.52 kN/m (Table 2). The opening size and the
height of the geocell were both 50 mm and were kept
constant in all tests.

2.3 Scale effect

The model-scale slope was designed based on a target
scaling factor of SF' = 10. To ensure comparable behaviour
between the model-scale and prototype-scale slopes, the
tensile strength of the geotextile material was scaled down
using a scaling factor of 1/SF? (Viswanadham and Konig
2004, Chen and Chiu 2008). The geotextile material for the
model tests was selected to be as thin as possible and
exhibited low tensile strength to determine the correct
response of the prototype-scale slope. The tensile strength
of the geotextile and geocell was 1.4 kN/m at model scale.
This corresponds to reinforcement with a tensile strength of
140 kN/m at prototype scale, which falls within the range of
the tensile strength of commercial reinforcements. The
scaling between the model-scale and prototype-scale slopes
was 1/10 for the linear dimensions (footing and
reinforcement dimensions, soil depth, and displacement).

As stated before, the opening size and the height of the
geocell were both 50mm. Therefore, the opening size and
the height of the geocell would be 0.5 m for the prototype-
scale slopes. Although, these values would not be within the
range of commercial geocells, preparing the models with
smaller opening sizes and heights was very difficult. It
should be noted, the opening size and the height of geocell
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Fig. 5 Arrangement of reinforced slopes (not to scale) for: (a) geocell, (b) wraparound geotextile and (c) planar

geotextile

significantly influence the equivalent stiffness of the
geocell-soil composite between the model-scale and
prototype-scale slopes (Latha ef al. 2008, 2009, Song et al.
2020, 2022).

2.4 Testing program

A total of 14 model slopes with 0.8 m high and 70°
slope using different reinforcement materials, reinforcement
positions and lengths, and footing embedment depths were
constructed inside the test box. Fig. 5 shows the details of
the arrangements of the reinforcements in the model tests.
The variables for the model tests were:

. Reinforcement type: geocell, planar geotextile,
wraparound geotextile

. Spacing of reinforcement (d): 75 mm, 100 mm

. Lengths of reinforcements (bg, bp, bw): 650 mm,
700 mm, 770 mm, 870 mm

) Embedment depths of footing D : 0 mm, 100 mm

Table 3 lists the characteristics of the model tests. These
values were kept constant in all tests. The position of the
first layer of reinforcement below the footing base was u =

50 mm, the height of reinforcement was 4 = 50 mm, and the
edge length of the footing (distance between the left corner
of the footing and the slope crest) was Ls =200 mm.

According to Tafreshi and Dawson (2010), to ensure
comparable behaviour for the -effectiveness of the
reinforcement types on the bearing capacity of the footing
resting on a geosynthetics-reinforced slope, the quantity of
reinforcing material (mass per unit area) must be the same
in all model tests. This value is a function of the number of
layers, their length, height, and spacing, as well as the lap
length for the wraparound geotextile. In this regard, a
geocell layer with a height of 7= 50 mm, a cell size of 50
mm, and a length b of 650 mm is equivalent to two planar
geotextile layers of length bp = 700 mm. This is equivalent
to a wraparound geotextile layer of height # = 50 mm,
length by = 700 mm, and lap length Ly = 290 mm.
Similarly, a geocell layer of height 7= 50 mm and length b¢
= 770 mm is equivalent to two planar geotextile layers of
length »» = 870 mm and to a wraparound geotextile layer of
height 7= 50 mm, length by = 8§70 mm, and lap length Ly =
380 mm. For the geocell with # = 50 mm, two geotextile
layers were placed at the top and bottom of the geocell layer
(Figs. 5(a) and 5(¢)).
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Table 3 Summary of model tests

Test no. reir};}(]}r)(?e(r)rfent N bs, (l::an?; be Ly (mm) d (mm) D (mm) Reason
1 Ur - - - 0
2 GC 3 650 75 0
3 GT 6 700 75 0 Effect of reinforcement
4 WGT 3 700 290 75 0 type and spacing between
5 GC 3 650 100 0 reinforcements
6 GT 6 700 100 0
7 WGT 3 700 290 100 0
8 Ur - - - 100
9 GC 3 650 75 100 Effect of embedment depth
10 GT 6 700 75 100 of footing
11 WGT 3 700 290 75 100
12 GC 3 770 75 .
13 GT 6 370 75 0 Effect of1 Ziléltf}‘?rcement
14 WGT 3 870 380 75 0

N: number of reinforcement layers; bg, by, bp: length of reinforcements; Ly: Lap length; d: Spacing of reinforcements;

D: embedment depth of footing

Ur: unreinforced; GC: geocell; GT: planar geotextile; WGT: wraparound geotextile

2.4.1 Selecting test parameters

The reason for choosing a slope with a face angle of 70°
was to investigate the behaviour of the slope at a steep face
angle and also because space limitations in the test box
minimized the boundary effects of the walls. Previous
studies have revealed that, to prevent local buckling in the
geocell walls below the footing, the first layer of geocell
should be placed at u/B > 0.1, where u is the depth of the
first geocell layer, and B is the width of the footing (Dash et
al. 2007). Thus, in the present study, this ratio was selected
to be 0.17 for reinforced slopes. In order to compare the
behaviour of the reinforced slopes, this parameter was kept
constant for other reinforcements as well.

Michalowski (1997) used the results of limit analysis to
show that, in order to prevent slope failure as a result of
rupture, pull-out, or direct sliding of the reinforcement, the
length of the reinforcement should be 0.65 times the height
of the slope. Viswanadham and Konig (2009) used a
geotechnical centrifuge to study the behaviour of geotextile-
reinforced slopes subjected to non-uniform settlement and
reported that the constant length of the reinforcement
should be 0.85 times the height of the slope. Even after
inducing non-uniform settlement equivalent to 1.0 m in
prototype dimensions, the geotextile-reinforced slope did
not experience collapse. Therefore, the length of the geocell
reinforcement in the current research was selected as 650
mm (0.81 times the height of the slope).

Sharma et al. (2009) analytically estimated the ultimate
bearing capacity of a footing on geogrid reinforced soil for
both sandy and clay-layered soils. They reported that the
vertical distance between the reinforcing layers should be
less than 0.5B to avoid failure in the actual design. El
Sawwaf (2007) showed that, in order to achieve maximum
improvement in the bearing capacity of a footing, the
vertical distance between the reinforcements should be
0.5B. Yoo (2001) and Alamshahi and Hataf (2009) proposed
a similar trend for sand slopes and found that the critical
value for the vertical distance between reinforcements

should be in the range of 0.7B to 0.75B. In the current study,
for a footing width of 300 mm, the vertical distances
between the reinforcements were selected as 75 and 100
mm (i.e., less than 0.5B).

Yazdani and Ashtiani (2022) found that, in order to
increase the bearing capacity of a footing resting on a
reinforced slope with a high face angle (o = 70°), a
minimum number of reinforcing layers is required. They
reported that at least three layers of geocell are required
and, if this number of reinforcing layers is not used, the
bearing capacity of footing placed on the reinforced slope
will not change compared to that of the unreinforced case.

In the present study, the number of reinforcement layers
was kept constant at three to enable comparison of the
effect of different reinforcements. It should be noted that
the footing width, footing distance from the slope crest, and
relative density of the sand, were held constant in all tests.
Therefore, the results of this study may differ from the
results at prototype scale and more model tests are required
to achieve more comprehensive results

2.4.2 Model preparation

The soil for model testing was prepared using the wet
tamping method (Ashtiani et al. 2015). In preparation for
testing, the sand layers were subdivided into 50-mm thick
layers and each was compacted to a dry density of 16.4
kN/m3 at a moisture content of 5%. The sand was
compacted through a pre-calibrated steel tamping hammer
to maintain the relative density of the soil at 60%.

Using the planar geotextile reinforcement technique, as
the sand layer reached the level of the first geotextile layer,
this layer of reinforcement was placed on the soil surface.
After that, soil compaction was continued until the desired
levels for the other layers of geotextile were achieved. For
the wraparound geotextile reinforcement technique, the
wraparound geotextile layers similarly were placed at the
desired depths. The sand above the planar section of the
geotextile and around the wraparounds laps was compacted
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using a steel hammer. After that, the geotextile was lapped
over the compacted sand layer. Soil compaction was
continued up to the desired levels for the other wraparound
geotextile layers. For geocell reinforcement, as the sand
layer reached the first geocell level, the first layer of
reinforcement was placed on the sand surface (see Fig. 6).
After that, the cell pockets were compacted using a small
steel hammer and soil compaction continued up to the
footing base level. All reinforcement layers were prepared
having a width equal to the entire length of the test box.

When the sand layer reached the footing base level, the
footing was placed at its designated position. The rest of the
sand layer was compacted to obtain the desired model
height after installation of the footing. After completion of
the model, a trench having the desired facing angle was
excavated to prepare the slope model.

3. Results and discussion

As the goal of this study was to evaluate the effect of
geosynthetics reinforcement types on the bearing capacity
of a footing located on a soil slope, the results of the
reinforced slopes compared to the unreinforced slope have
been presented. The effect of different reinforcement types
also has been investigated. For this purpose, an initial
comparison was made between the bearing capacity of the
footing and the horizontal displacement of the slope crest
using the different reinforcements. The parameters of the
embedment depth of the footing, the reinforcement length,
and the spacing between the reinforcements were examined.

The performance of the different reinforcements was
then investigated using the bearing capacity ratio (BCR =
q/q.r), where g, is the bearing capacity of the footing on a
reinforced slope and g, is the bearing capacity of the
footing on an unreinforced slope at the same settlement
ratio. The settlement ratio of the footing equals that for the
footing settlement to footing width (s/B). The failure
mechanisms of the footing on the slope reinforced with
different reinforcements also were determined.

3.1 Embedment depth effect

Fig. 7 shows the load-settlement graphs for the footing
located on slopes reinforced with geocell, planar geotextile,
and wraparound geotextile at embedment depths of D = 0 as
surface footing and D = 100 mm as embedded one. As
stated, the total mass of the reinforcement layers used was
the same. To determine the impact of the reinforcements,
two tests initially were conducted on footings with
embedment depths of D = 0 and 100 mm placed on
unreinforced slopes. The peaks of the load-settlement
graphs were considered as the ultimate bearing capacity of
the footing. However, as shown in Fig. 7, there was no peak
point to be considered as the ultimate bearing capacity for
the wraparound-geotextile reinforced slope with an
embedment depth of D = 0. Thus, the ultimate bearing
capacity was determined using the double-tangent method
proposed by Adams and Collin (1997).
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Fig. 7 Effect of embedment depth on behaviour of
footing and slope reinforced with geocell, planar
geotextile and wraparound geotextile

Fig. 7(a) shows that an increase in the embedment depth
of the footing increased its load-bearing capacity (i.e.
bearing pressure at a given settlement). For unreinforced
slopes, the ultimate bearing capacity of the surface and
embedded footings were 18 kPa and 43 kPa, respectively.
The improvement ratio of the ultimate bearing capacity was
58% resulting from embedding the footing at D =0to D =
100 mm. Also, the increase in the bearing capacity of the
footing at D = 100 mm compared to the surface footing for
the slopes reinforced with geocell, planar geotextile, and
wraparound geotextile were 27%, 23%, and 38%,
respectively.

The increase in the bearing capacity of the embedded
footing could be attributed to a change in the passive
resistance failure zone beneath the footing. It is clear that an
increase in the embedment depth of the footing increased
the passive resistance failure zone beneath the footing. As a
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result, the bearing capacity of the footing increased. The
reinforcement lengths for both D = 0 and D = 100 mm were
kept constant; thus, an increase in the embedment depth of
the footing slightly decreased the back length of the
reinforcement (L, in Fig. 2) with regard to the surface
footing. The Ly/B ratio corresponding to the first layer of
geocell reinforcement beneath the surface and the
embedded footing were 0.44 and 0.24, respectively. As can
be seen, an increase in the embedment depth of the footing
caused a decrease in the anchorage length of the
reinforcement beyond the failure wedge. However, an
increase in the embedment depth also increased the bearing
capacity of the footing.

Fig. 7(b) shows the increasing horizontal displacement
of the slope crest with an increase in the settlement ratio of
the footing. The results show that, at a constant settlement
ratio, an increase in the embedment depth of the footing
caused a decreasing trend in the displacement of the slope
crest for all types of the reinforcement. This could also be
attributed to extension of the passive resistance zone, which
increased the stiffness of the reinforced slope. Furthermore,
with an increase in the embedment depth, the footing
experienced greater settlement.

Fig. 8 shows the bearing capacity ratio (BCR) versus the
settlement ratio for footings at embedment depths of D =0
and D = 100 mm. As stated, the ultimate bearing capacity
increased significantly with an increase in embedment
depth of the footing (Fig. 7(a)). Under these conditions, the
BCR of the footing also was greater than one in all cases.
Fig. 8 shows that, for a footing at D = 100 mm and geocell
as the reinforcement (i.e., test D10,GC3), the BCR
decreased. This could be attributed to two factors including
an increase in the bearing capacity of the footing with an
increase in the embedment depth and a decrease in the back
length of the reinforcements (anchorage length). For the
unreinforced case, an increase in the embedment depth of
the footing increased the bearing capacity. However, at a
constant reinforcement length, an increase in the
embedment depth of the footing caused a decrease in the
anchorage length of the embedded footing. Thus, the
bearing capacity of the embedded footing did not
experience a significant increase.

At small settlement ratios, i.c., s/B < 4%, the BCR of the
geocell reinforcements for both surface and embedded
footings were greater than the two other reinforcements.
With an increase in the settlement ratio, the planar and
wraparound geotextiles recorded higher BCR values than
the geocell. The geocell-soil composite may behave as a
rigid slab (Pokharel ef al. 2010, Tang and Yan 2013), which
could lead to distribution of the applied load over a wider
area. The effect of the type of membrane and the
distribution of the vertical stresses (Zhang et al. 2009)
caused a large portion of the applied load on the slope to be
transferred to greater depths and initiated the deep footing
mechanism (Huang ef al. 1994, Lee and Manjunath 2000).

As the number of geocell layers was kept constant as
three, the failure zone developed under the last layer of
geocell as a deep-footing mechanism. Therefore, for slopes
reinforced by multi-layered geocell layers in the entire
height of the slope, the geocell layers prevent the
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Fig. 8 BCR of strip footings resting on reinforced slopes
vs. embedment depth for geocell, planar geotextile, and
wraparound geotextile reinforcements

development of the failure plane beneath the last layer of
the geocell. Also, they improve the load-bearing capacity of
the footing located on the reinforced slope.

It should be noted that the back length of the geocell
was much smaller than that of the planar and wraparound
geotextiles. For surface footing, the back length (Ly/B) of
the geocell and the two other reinforcements were 0.44 and
0.61, respectively. For embedded footing, L,/B = 0.26 and
LyB = 0.42 were for the geocell and the two other
reinforcements, respectively. Under these conditions, an
increase in the settlement ratio did not generate a large
strain at the anchorage length of the geocell. Thus, failure of
slope occurred more rapidly. In this case, the planar
geotextile exhibited better performance than the
wraparound geotextile and the geocell reinforcements.
Although, it can be seen in Fig. 5, the footing experienced
relatively large displacement for slopes reinforced with the
planar geotextile.

Fig. 9 presents the performance of different
reinforcements versus the footing settlement ratios for two
embedment depths (D= 0, 100 mm). The geocell exhibited
better performance at small settlement ratios. But, by
increasing the settlement ratio, the planar geotextile
represented better performance than the two other
reinforcement types.

3.2 Reinforcement length effect

The effect of the reinforcement length on the bearing
capacity of a strip footing was investigated at different
geosynthetics reinforcement lengths. As stated, all other
conditions were kept constant for the different
reinforcements by using the same total mass. The lengths of
the other two reinforcements were determined for geocell
lengths of 650 and 770 mm. These lengths were equivalent
to planar and wraparound geotextile layer lengths of 770
and 870 mm, respectively. Table 3 lists the reinforcement
dimensions.
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Fig. 10(a) shows the load settlement for a strip footing
located on a reinforced sand slope. The results show that the
bearing capacity of the footing increased with an increase in
the reinforcement length for all types of reinforcement. As
the reinforcement length increased, the bearing capacity
increased by 31%, 76%, and 23% for geocell, wraparound
geotextile, and planar geotextile, respectively. These values
show that the reinforcement efficiency is strongly
associated with the reinforcement length. In addition, an
increase in the reinforcement length produced a larger and
deeper failure zone, resulting in a larger bearing capacity.
The increase in the bearing capacity of the footing and the
change in the failure mechanism of the reinforced slope
could be attributed to the increase in the anchorage length
of the reinforcement beyond the failure zone of the slope in
the passive zone.

Fig. 10(b) shows the horizontal displacement of the
slope crest with respect to the settlement ratio for a strip
footing on a reinforced sand slope. It can be inferred that
the greatest decrease in the horizontal displacement of the
slope crest occurred with an increase in the geocell length.
In other words, the geocell contributed considerably more
to the increase in the stiffness of the reinforced slope
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Fig. 10 Effect of length of reinforcement layers on the
behaviour of footing and slope reinforced with geocell,
planar geotextile, and wraparound geotextile

compared to the two other reinforcements. It was noted that
the increase in the shear strength in the soil-reinforcement
interface and the geocell-induced stiffness tended to limit
horizontal displacement of the slope. The increase in length
of the other reinforcements also increased the stiffness of
the slope, which attenuated horizontal displacement of the
slope crest.

Yoo (2001) and Fahliani et al. (2021) showed that, at
LyB > 0, the Ly/B ratio had no significant effect on the
bearing capacity of the footing for a slope reinforced with
either geogrid or geocell at a maximum face angle of 35°.
Thus, creating no significant strain in the back length of the
reinforcement. However, the results of this study show that,
at Ly/B = 0.44 (i.e., short geocell) and Ly/B = 0.84 (i.e., long
geocell), the bearing capacity of the footing changed
significantly. This difference can be attributed to the
difference in the angle of the slope face and the type of soil.
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Fig. 13 Effect of spacing of reinforcement layers on the
load-settlement of footing

In the present study, the model tests were conducted for
slopes with a face angle of 70°, which largely affected the
failure mechanisms of the unreinforced and reinforced
slopes

3.3 Reinforcement spacing effect

Fig. 13 shows the effect of the vertical distance between
reinforcements on the load—settlement behaviour of a strip
footing located on a reinforced slope. The results show a
significant decrease in the bearing capacity with an increase
in the reinforcement spacing from 75 to 100 mm. This
could be attributed to a change in the failure mechanism. As
the reinforcement spacing increased, displacement of the
soil surrounded by two reinforcements increased, resulting
in the possibility of shear failure formation in the zones
between the reinforcement layers (in this case, between the
second and third layers). However, failure surface of the
reinforced slope occurred beneath the last layer of
reinforcement when the reinforcement spacing was
sufficiently small.

Fig. 14 shows the BCR with respect to the settlement
ratios for reinforcement spacings of 75 mm and 100 mm. At
75 mm, the geocell exhibited better performance than the
other reinforcements at lower settlement ratios (s/B < 4%).
However, as the settlement ratio increased, the planar and
wraparound geotextile reinforcements represented better
performance than the geocell. An increase in the settlement
ratio caused the stress to be distributed in the zone beneath
the last layer of geocell reinforcement and the failure
surface occurred in this zone. Moreover, at all settlement
ratios, all reinforcements exhibited better performance for a
reinforcement spacing of 75 mm than it was for 100 mm.

This could be attributed to the decrease in stiffness of
the reinforced slope with an increase in the reinforcement
spacing, which increased the probability of failure
propagation between the reinforcement layers. This can be
observed in Fig. 15, which depicts the performance of the
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Table 4 Summary of failure mechanisms of geosynthetics-reinforced slopes

Type of Reinforcement spacing, = 75mm Reinforcement spacing, &= 100mm
Reinforcement  s/B<3% 3% <s/B<4% s/B>4% §s/B<3%  3%<s/B<4% s/B>4%
Geocell No failure Local Failure No failure i L.O cal Fa11u're
- Non-persistent tension cracks
Wranaround - Local Failure - Local Failure
e(I)) textile No failure - External failure No failure - External failure
g - Non-persistent cracks - Non-persistent cracks
- Internal Failure - Internal Failure
Planar geotextile No failure - External failure No failure - External failure
- Persistent cracks - Persistent cracks
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ratios at 75- and 100-mm reinforcement spacings. With an IS
increase in the reinforcement spacing to 100 mm, the planar 2 3
geotextile represented better performance than the other §
reinforcements at greater settlement ratios (s/B > 4). 8
Nevertheless, as shown in Fig. 12, the wraparound @ 2 1
geotextile exhibited better performance when the s
reinforcement length increased. =
1
i i GC WGT GT
3.4 Failure mechanisms Type of reinforcement
(b) 4 =100 mm

Small-scale physical modelling of the sandy slopes
indicated  that  geosynthetics reinforcements  can
significantly improve the bearing capacity of a footing
located on a slope. The practical role of reinforcements in
increasing the bearing capacity shows that different failure
mechanisms may form for both the unreinforced and
reinforced slopes. The failure mechanisms of the slope
models were studied according to the responses of the
footings to the applied loads and by observation of the
deformation of the soil and reinforcement layers during
testing. Both the load-settlement behaviour and the shape of
the failure surface of the slopes reinforced with different
arrangements of reinforcement layers had significant effects
on the failure mechanisms.

Fig. 16 and Table 4 show the failure mechanisms for
unreinforced and reinforced slopes at reinforcement

Fig. 15 Performance of different reinforcements vs. BCR
of footing for different reinforcement spacings

spacings of 75 mm and 100 mm. For the unreinforced slope,
failure occurred at the top of the slope shortly after the
onset of loading. This type of mechanism manifested as
sudden and complete failure of the slope (Fig. 16(a)). For
geocell-reinforced slope models (Figs. 16(b) and 16(c)), a
quasi-rigid zone developed beneath the foundation. The
effect of the geocell membrane caused the load to be
distributed directly beneath the last layer and generated a
local failure mechanism (deep-footing mechanism). For a
geocell-reinforced slope with a spacing of 75 mm, the
rupture propagation started under the last layer and reached
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the slope face. For a spacing of 100 mm, the failure shifted
slightly upward and propagated beneath the second geocell
layer. Almost no tensile cracks were observed on the slope
face.

Figs. 16(d) and 16(e) show the same mechanism for the
wraparound-geotextile reinforced slopes. In addition to
local failure, a series of tensile cracks (non-persistent cracks
between the footing and slope crest) and an external failure
plane (persistent slip surface on the right side of the footing)
have been observed. Generally, the wraparound-geotextile

reinforced slopes exhibited less stiffness than the geocell-
reinforced slopes, which experienced relatively more
deformation.

The failure mechanisms of the planar geotextile-
reinforced slopes differed. The critical slip surface
intersected all the reinforcement layers to generate internal
failure mechanisms. Figs. 16(f) and 16(g) show wider
tensile cracks on the planar geotextile-reinforced slopes
than on the wraparound-geotextile reinforced slopes. The
planar-geotextile reinforced slopes also experienced much
larger deformations than the other reinforcements.
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4. Conclusions

An experimental investigation was performed on the
behaviour of strip footings resting on unreinforced and
reinforced sand slopes at a face angle of 70°. Small-scale
laboratory model tests were conducted and the vertical load
was applied to the strip footing with 1.0 mm/min loading
rate. The effects of geocell, planar-geotextile, and
wraparound-geotextile reinforcements were investigated.
The purpose of experimental study was to compare the
performance of the three types of reinforcement that had the
same characteristics and the same reinforcement material
mass. The following is a summary of the results

e An increase in the embedment depth of the footing
increased the bearing capacity of the footing on a reinforced
slope. Nevertheless, the reinforcement efficiency was less
when the footing was placed at a depth of 100 mm rather
than at the slope surface. At lower settlement ratios (s/B <
4%) for an embedded footing, the geocell reinforcement
exhibited significantly higher stiffness, carrying greater
loads and experiencing less settlement compared to the
planar and wraparound geotextile reinforcements.

e The bearing capacity of the footing increased with an
increase in the reinforcement length. The BCR of the
reinforcement was found to be directly associated with its
length. With an increase in the reinforcement length, the
wraparound geotextile exhibited better performance than
the planar geotextile and geocell. This indicates that the
wraparound geotextile tended to behave better than the
planar geotextile because of the confining effect at a
sufficient anchorage length of reinforcement. In addition, an
increase in the reinforcement length changed the failure
mechanism of the reinforced slope. The geocell exhibited
better performance for increasing the stiffness and
decreasing the horizontal displacement of the slope. The
increased length of the other reinforcements was also
effective in increasing the stiffness of the slope, resulting in
decreases in the horizontal displacement of the slope crest.

e For all reinforcements, reducing the reinforcement
spacing from 100 mm to 75 mm enhanced the bearing
pressure of the footing and increasing the stiffness of the
slope, resulting in reduced deflections. For the 75-mm
reinforcement spacing, the geocell reinforcement exhibited
significantly higher stiffness, carrying greater loads
compared to the planar and wraparound geotextile
reinforcements at smaller settlement ratios (s/B < 4%).
However, the efficiency of geocell reinforcement was
decreased by increasing the settlement ratio because of the
larger back length of the planar and wraparound geotextiles
compared to the geocell (i.e., L/B = 1.17 and 0.84 for the
planar and wraparound geotextile reinforcements and the
geocell reinforcement, respectively).

e Increasing in the bearing capacity of footing located
on the reinforced slope compared to the unreinforced slope
indicated a change in the failure mechanism of the slopes.
For the geocell and wraparound geotextile, a reinforcement
spacing of 75 mm caused the failure plane to propagate
beneath the last layer of the reinforcement. However, by
increasing the reinforcement spacing to 100 mm, the failure
plane propagated through the interlayer spacing. A local
failure mechanism and a local-external failure mechanism

were observed for the geocell and wraparound geotextile
reinforced slopes, respectively. An internal failure
mechanism and persistent tensile cracks were observed for
the planar-geotextile reinforced slopes. The footing on the
planar-geotextile reinforced slope also experienced more
displacement and angular rotation than the other reinforced
slopes.
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