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Abstract. Soils reinforced by geogrids exhibit di�erent behavior, compared to unrein-
forced soils, due to having high tensile strength elements. In this paper, the main factors
in
uencing the behavior of such reinforced soil under a strip footing are investigated and
discussed. A numerical model for the reinforced soil is developed using FLAC-2D �nite
di�erence software. The model is calibrated, and then di�erent important factors, such as
width, number, distance and depth of the �rst layer of geogrid, are studied and evaluated.
The qualitative behavior of the reinforced soil under di�erent conditions of reinforcement
elements is also studied in this work. The results of several analyses show that the optimum
depth of the �rst layer of geogrid is one fourth of the footing width, and the other layers
would have e�ective role up to 1.75 times of the width. Also, the distance between geogrid
layers needs to be decreased in case of increasing their number whose optimum value is less
than half of the footing width. The geogrid width and its tensile strength have considerable
e�ect on the behavior of the reinforced soil when geogrid layers are in optimum position.
c
 2015 Sharif University of Technology. All rights reserved.

1. Introduction

In some cases, facing with problematic soils or weak
bearing capacity grounds on one hand, and the limita-
tion of the footing dimensions on the other hand causes
a great challenge for foundation engineers. Reinforcing
soils with geogrids may be a suitable and economic
way of increasing the bearing capacity and reducing
settlements. Adding reinforcement elements with high
tensile strength to soils that normally have no tensile
strength, provides a composite material which has
di�erent behavior, compared to unreinforced soils.

Many experimental and numerical studies have
been performed to investigate the behavior of rein-
forced soil foundation for various types of reinforcement
(e.g. [1-6]). The �rst study reported in the litera-
ture was conducted by Binquet and Lee to evaluate
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the bearing capacity of sand reinforced using metal
strips [7]. Since then, several studies were conducted to
evaluate the in
uences of the geogrid elements on be-
havior of the granular soils under strip loading. Among
them, Huang and Tatsauka [8], Khing et al. [9], Omar
et al. [10], Shin and Das [11], Shin et al. [12], Patra et
al. [13], Kumar et al. [14], Basudhar et al. [15], Sharma
et al. [16] and Abu-Farsakh et al. [17] can be mentioned.
The results of studies reported in the literature showed
that the bearing capacity of the soil improves when
reinforced by geogrids, and that better improvements
are obtained when the reinforcement is placed within a
certain depth. However, the optimum amounts of the
e�ective parameters are not the same, depending on
the physical and mechanical characteristics of the soil
and the geogrid elements used in the studied models.
According to the literature review, it can be concluded
that: (i) The �rst reinforcement layer should be located
close to the bottom of the footing at an optimum depth
of 0.2B-0.5B (B is the width of footing); (ii) The
optimum vertical spacing of the reinforcement layers
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was found to be 0.2B-0.5B; (iii) The maximum total
depth of the reinforcement layers varied from 1.0B
to 2.0B. Thus, due to the scattered results of the
research works and wide-spread usage of the geogrids
in soil improvements, further investigations on the
role of the e�ective parameters, in this method, are
necessary. In addition, a qualitative study of the topic
would be helpful in understanding the e�ects of various
parameters.

In this paper, a numerical model has been intro-
duced to investigate the in
uence of the main factors
on the behavior of a strip footing rested on geogrid
reinforced sand. The �nite di�erence package of
the FLAC is used to analyze the numerical model.
Using this model, the developed stresses and strains
at di�erent zones of the soil can be detected and
observed. Considering the displacement vectors of the
soil particles under di�erent geogrid layer positions,
the mechanism of the soil improvement is studied and
explained. In the present research, some practical
information about the optimum position of a geogrid
layer is investigated. Furthermore, e�ect of increasing
the number of geogrid layers on bearing capacity of the
soil is studied by changing depth of the �rst layer and
the distance of the geogrid layers.

2. Geometric parameters

In Figure 1, a strip footing with dimensions B � L
(width�length) under a surcharge of q, rested on a
soil reinforced by n geogrid layers with dimensions l

Figure 1. Geometric parameters of a strip footing on
geogrid-reinforced soil: a) Section; and b) plan.

(length) and b (width), is shown. The geogrid spacing
is h, and the depth of the �rst layer is u, measured from
the top of the soil layer. The depth of the last layer
from the soil surface is denoted by d.

Generally, application of the load on the footing
causes the stresses to increase inside the soil, and the
settlement builds up gradually, leading to failure of the
soil beneath the footing. In order to investigate the
e�ect of the reinforcement on the bearing capacity of
the soil, a dimensionless parameter has been de�ned as
follows:

BCRu =
qu(R)

qu
; (1)

where, qu(R) and qu are the soil bearing capacities after
and before reinforcement, respectively.

3. The numerical model and its validity

To investigate the behavior of unreinforced or geogrid-
reinforced soil under di�erent conditions, and to evalu-
ate the behavioral parameters qualitatively and quan-
titatively, a numerical model is developed using the
�nite di�erence FLAC software. Since a strip footing
is used and the plain strain condition is governed, a
two dimensional model is developed. The numerical
model accuracy has been analyzed and veri�ed, using
the physical model previously developed in the soil
mechanics of Amirkabir University of Technology [18].
In order to use the experimental data, characteristics
and dimensions have been used similar to the ones used
in the physical model.

3.1. The soil media
The soil behavior has been modeled using hyperbolic
model, coupled with Mohr-Coulomb failure envelop.
In this non-linear model, the soil elasticity modulus
is function of stress, which is altered by the loading
conditions:

E = [1�RfSl]2KPa
�
�3

Pa

�n
; (2)

where Pa is the atmospheric pressure, and Sl is the
stress level de�ned by the following equation:

Sl =
�1 � �3

(�1 � �3)f
: (3)

The di�erences between failure stresses, based on
Mohr-Columb failure criteria are expressed as follows:

(�1 � �3)f = �3

�
1 + sin �
1� sin �

� 1
�
� 2c

r
1 + sin �
1� sin �

;
(4)

K (modulus number), n (exponent number) and Rf
(failure ratio) are the model parameters. These pa-
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Table 1. Physical characteristics of soil [18].

Cu 2.18 Gs 2.67
Cc 1.38 (
d)min 1.424 kN/m3

D10 0.75 mm (
d)max 1.698 kN/m3

D50 1.54 mm (
d) 1.61 kN/m3

Table 2. Soil numerical model parameters.

K n Rf
757.28 0.4634 0.8927

Table 3. Results of triaxial tests [18].

�3 (kPa) (�1 � �3)f (kPa) �

25 115 43.7
50 215 42.8
75 316 42
100 397 41.5
150 579 40.6
200 739 40.1
250 876 39.3

rameters are calculated, using triaxial tests, for the
granular soil with characteristics shown in Table 1. The
values are shown in Table 2.

By increasing the con�ned pressure, the change
in angle of internal friction of the soil (based on
the triaxial test results shown in Table 3, and linear
regression) is expressed as follows:

� = 43:67� 0:0184�3: (5)

In dense granular materials, dilation plays signi�cant
role in the behavior of the soil. This key parameter
is de�ned as dilation angle,  . In this study, the soil
dilation angle, according to Yin et al. studies [19] and
model veri�cation results, is assumed to be half of the
soil internal friction angle.

Taking into account the symmetrical condition
of the model, half of the soil media (i.e. 80 cm
width and 56 cm height) has been modeled (Figure 2).
The boundary conditions have been de�ned as free
displacement in Y direction and �xed condition in X
direction. Besides, the base of the model has been �xed
in both directions, X and Y .

The footing model has also been de�ned by �xing
degrees of freedom of the nodes in both X and Y
directions. Thus, the footing with 5 cm width is similar
to a rigid and rough surface. The load is applied to
the whole footing nodes using 2 � 10�6 m/step large
displacement velocity vectors.

3.2. Geogrid
The cable element in FLAC package is able to model
the tensile strength of the reinforcement elements and

Figure 2. The numerical model of the soil media and its
boundary conditions.

Figure 3. Axial behavior of a cable element in extension
and compression.

their interaction with soil. Thus, cable element is
used in this paper as geogrid reinforcement. The
axial behavior of the cable element, similar to the rod
element, can be expressed by the same parameters as
cross-section, initial length, modulus of elasticity, and
its ultimate tensile strength (Figure 3).

The shear behavior of the cable element in a con-
tinuum media and its interaction with the surrounding
media have been de�ned by a spring model at two ends
of the cable element. In other words, it has been de�ned
as relative displacement between the cable element and
the surrounding media.

FS
L

= Kbond(uc � um): (6)

In the above equation, Fs is the shear force developed
along the grouting media, Kbond is the shear sti�ness of
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Figure 4. The shear behavior of a cable element and the surrounding media: a) The shear force of the grouting medial
versus relative displacement; and b) the shear strength of the grouting media criterion.

the grouting media, L is the length of the cable element,
and uc and um are the axial displacements of cable and
soil, respectively. The maximum shear force developed
in the grouting media, per unit length of the element,
can be de�ned as a function of cohesion and angle of
internal friction of the grouting media.

Fmax
S
L

= Sbond + �0c � tan(Sfriction)� Perimeter; (7)

where Sbond is the cohesion or the inherent strength
of the grouting media, �0c is the normal stress, Sfriction
is the angle of internal friction, and perimeter is the
circumference of the element (Figure 4).

In order to build the model, the geogrid with prop-
erties shown in Table 4, and the soil-geogrid interaction
theoretical equations with parameters shown in Table 5
have been used.

3.3. Validation of the model
The numerical model is veri�ed using the similar exper-
imental model which has already been developed in soil
labs for both reinforced and unreinforced conditions.
Figure 5 shows the variations of the developed stresses
beneath footing versus the settlements for reinforced
and unreinforced soils.

Table 4. Physical properties of the selected geogrid.

Weight (gr/m2) 450
Mesh dimensions (mm) 6�6
Mesh thickness (mm) 2.05

Percent of open space (POA) 75
Tensile strength of the max. load (kN/m) 2.16

Table 5. Characteristics of the geogrid numerical model.

Sbond

(N/m)
Kbond

(N/m2)
Sfriction

Elastic
modulus
(N/m2)

Tensile
yield

strength
(N/m)

0 109 30 36363 2160

Figure 5. Comparison between results of the existing
physical model and the present numerical model: a)
Unreinforced soil; and b) one geogrid layer reinforced soil.

The bearing capacities obtained from experimen-
tal and numerical models are in relatively good agree-
ment, which indicates the validity and reliability of the
present model.

4. Parametric analyses results

4.1. E�ect of the �rst layer depth
By changing the geogrid depth (u) from 0:125B to 2B
(where B is the foundation width), the e�ect of the
�rst geogrid layer depth on the bearing capacity has
been evaluated by calculating BCRu ratios (Figure 6).
To make sure that the maximum con�nement between
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Figure 6. Variations of (BCRu) versus the depth of the
�rst geogrid layer (u=B) for b=B = 15 (where b is the
geogrid width, and B is the foundation width).

soil and geogrid has been occurred, the geogrid width
(b) has been considered equal to 15B. As can be seen,
initially a small increase in bearing capacity occurs by
increasing u=B, followed by a decreasing trend. At
the end, BCRu tends to get a constant value. Smaller
amounts of the bearing capacity, in u=B, less than
0:25B may be due to smaller overburdens under which
the maximum shear strength of geogrid cannot be
mobilized and, as result, the pull out condition may
happen.

The increase in the slope of the above graph, after
u=B = 1, shows the sudden change in the bearing
capacity that could be attributed to the change in
failure mechanism of reinforced soil. The failure wedge
for u=B values less than 1 continues down to the
reinforced element, but when the geogrid layer is placed
at a deeper level, the failure wedge occurs above it, and
the reinforced layer, in fact, acts as a rigid boundary
(Figure 7).

4.2. E�ect of the geogrid width
To investigate the e�ect of the geogrid layer width
on the ultimate bearing capacity of the foundation,
geogrids are placed at 3 di�erent depths; u=B = 0:25,
0.5, and 1; and with changing the geogrid width from
1B to 15B, the ratios of BCRu are calculated for
each case. The results show that the ultimate bearing
capacity (BCRu) will increase by increasing the geogrid
width (Figure 8). The increase in bearing capacity
could be due to the interaction between geogrid and

Figure 8. Variations of the ultimate bearing capacity
ratio (BCRu) against the ratio of the geogrid width to the
foundation width (b=B).

soil in the form of pull out force (for u=B � 1) and the
increase of geogrid �xing length.

Thus, if the geogrid has enough width to cover
the whole failure wedge width and prevent the failure
wedge from developing towards the soil surface, the
bearing capacity would increase considerably. Figure 9
illustrates this fact by showing the displacement vectors
of soil particles beneath the foundation.

Analyses results show that if the geogrid width
is 10B, for the placement depths of 0:25B, 0:5B, and
1B, about 96, 92, and 90 percent, respectively, of
the ultimate bearing capacity of reinforced soil by the
geogrid width of 15B are attained. Also, using the
geogrid width of 5B, about 75 percent of the ultimate
bearing capacity of the reinforced soil by the geogrid
width of 15B can be achieved.

4.3. E�ect of the number and distance of the
geogrid layers

In some cases, due to soil conditions and the magnitude
of applied load, more bearing capacity improvement
is required. Thus more geogrid layers may be used.
In such cases, the optimum number of geogrid layers,
as well as the depth of the �rst layer, plays an
important role. To study this factor, the number of
geogrid layers is increased up to 11 for di�erent spacing
ratios (h=B = 0:125 up to 1.25). All analyses are

Figure 7. Displacement vectors of soil particles beneath foundation together with geogrid element at two depths: a)
u=B = 1:25; and b) u=B = 0:75.
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Figure 9. Displacement vectors of soil particles beneath foundation reinforced by a geogrid layer with u=B = 0.25: a)
b=B = 1; b) b=B = 5; c) b=B = 10; and d) b=B = 15.

Figure 10. Variations of the ultimate bearing capacity
ratio (BCRu) versus number of the geogrid layers (n) for
di�erent spacing ratios (h=B) at u=B = 0.25.

done for b=B = 15 and three values of u=B (0.25,
0.5 and 1).

The e�ect of increasing geogrid layers for di�erent
distances is investigated �rst, while u=B = 0:25. As
can be seen in Figure 10, the increasing number of
geogrid layers with large spacing does not have a
signi�cant e�ect on the bearing capacity. In large
spacing, the lower layers do not have any role in
controlling the failure wedge (Figure 11). Nevertheless,
the geogrid layers with small spacing may have no
e�ect on the bearing capacity, if their number exceeds
a certain value.

In Figure 12, the variations of BCRu, due to

increasing the number of geogrid layers of di�erent
spacing values have been shown. In this case, the
depth of �rst layer geogrid is increased to 0:5B. It
can be seen that the general trend is the same as
for u=B = 0:25, but the bearing capacity is reduced,
which could be due to placing the �rst layer out of
the optimum depth of 0:25B. This reduction in large
geogrid spacing (h=B > 0:5) is relatively constant and
about 20-30%; for small geogrid spacing, it changes
from 5%, for a few numbers of layers, up to 25%, for
more number of layers.

Variation of the ultimate bearing capacity ratio
(BCRu) against the number of geogrid layers, while
the depth of the �rst geogrid layer is equal to the
foundation depth (u=B = 1), has been plotted in
Figure 13. As can be seen, for this condition nei-
ther increasing the geogrid layers nor changing their
distances has any e�ect on the bearing capacity ratio.
This can be referred to the depth of the �rst geogrid
layer which has caused the whole reinforcing zone
to be out of the range of the failure wedge. In
fact, the failure wedge has been formed above the
reinforcing zone in this condition (Figure 14). Whereas,
in Figures 10 and 12, which shows the same results,
an important role for both factors (n and h=B) is
observed because of the smaller depth of the �rst
geogrid layer.

4.4. E�ect of the reinforcing depth
To study this factor, the variations of BCRu against
d=B and h=B at u=B = 0:25 have been calculated
and illustrated in Figure 15. It can be seen that in
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Figure 11. Displacement vectors of soil particles beneath the foundation, together with geogrid layers at u=B = 0.25 and
h=B = 1.25: a) n = 2; b) n = 3; c) n = 4; and d) n = 5.

Figure 12. Variations of the ultimate bearing capacity
ratio (BCRu) versus number of the geogrid layers (n) for
di�erent spacing ratios (h=B) at u=B = 0.5.

many cases, the reinforcing depth of more than 1:75B
has no e�ect on the bearing capacity improvement.
Thus, in selecting the reinforcing depth, this should be
taken into account. It can be observed that in case of
h=B = 0:125, even for 11 layers of geogrid, the e�ective
reinforcing depth is less than 1:75B still, and increasing

Figure 13. Variation of the ultimate bearing capacity
ratio (BCRu) versus number of the geogrid layers (n) for
di�erent spacing ratios (h=B) at u=B = 1.

the number of geogrid layers has considerable e�ect
on the bearing capacity. As Figure 16 shows, the
reason could be due to forming a sti� zone of reinforced
soil beneath the foundation at an appropriate depth
(u=B = 0:25).
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Figure 14. Displacement vectors of soil particles beneath foundation, together with the geogrid layers at u=B = 1: a) n =
3 and h=B = 1.25; b) n = 7 and h=B = 0.25; c) n = 11 and h=B = 0.125; and d) n = 5 and h=B = 0.5.

Figure 15. Variations of the ultimate bearing capacity
ratio (BCRu) versus reinforcing depth (d=B) for di�erent
spacing ratios (h=B) at u=B = 0.25.

For geogrid spacing of more than 0:25B, the
sti� zone is not formed, since the failure wedge will
be formed incompletely between the geogrid layers.
Figure 17 shows this fact for the geogrid spacing equal
to 0:5B. The results of the carried out analyses for
u=B = 0:25 specify the optimum conditions in case of
using a number of geogrid layers with spacing less than
0:5B (h=B < 0:5), as well as an appropriate reinforcing
depth.

Variations of BCRu versus d=B and h=B for
u=B = 0:5 also show that for any geogrid distance,

reinforcing depth more than 1:5B does not have any
signi�cant e�ect on the bearing capacity improvement
(Figure 18). It can be concluded that for u=B = 0:5,
in case of using multi-layers geogrid, taking the geogrid
spacing less than half of the foundation width and
reinforcing the soil in an appropriate depth lead to an
optimum condition, and cause maximum improvement
in the soil bearing capacity.

5. Summary and conclusion

The main factors, in
uencing the bearing capacity im-
provement, were investigated and presented in the case
of geogrid reinforced soil. A strip footing on reinforced
soil was numerically modeled using the FLAC-2D �nite
di�erence software. Extensive parametric analyses
were implemented to study the soil-geogrid interaction,
and to get the optimum condition for attaining the
maximum bearing capacity improvements. Several
qualitative and quantitative results were obtained as
follows:

� The optimum depth of the �rst geogrid layer, re-
gardless of the lower layers position, is 0:25B, where
B is the foundation width. For the depth more than
1:5B, reinforcement will have no signi�cant e�ect on
the bearing capacity of the soil.

� The geogrid width and its tensile strength would
have considerable e�ects on the bearing capacity
improvement, if the depth of the �rst geogrid layer
is less than 1B.
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Figure 16. Displacement vectors of the soil particles beneath foundation together with the geogrid layers at u=B = 0.25
and h=B = 0.125: a) n = 3; b) n = 7; c) n = 8; and d) n = 11.

Figure 17. Displacement vectors of the soil particles beneath foundation together with the geogrid layers at u=B = 0.25
and h=B = 0.5: a) n = 3; b) n = 4; c) n = 6; and d) n = 7.

� The e�ciency of reinforcement decreases signi�-
cantly, if the geogrid width at an optimum depth
is less than 10B.

� Increasing the number of geogrid layers more than
2, when the spacing is greater than 1B, would not
have any e�ect on the soil bearing capacity.

� The optimum reinforcing depth is about 1:75B.

Increasing the number of geogrid layers in this
depth by less than 0:5B spacing results in maximum
e�ciency of the reinforcement.

� Increasing the number of geogrid layers, while the
depth of the �rst layer is more than 1B, would have
no e�ect on the bearing capacity improvement of the
reinforced soil.
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Figure 18. Variations of the ultimate bearing capacity
ratio (BCRu) versus the reinforcing depth ratio (d=B) for
di�erent spacing ratios (h=B) at u=B = 0.5.
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