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The infiltration of crude oil and its derivatives into the soil leads to changes
in the mechanical behavior of the soil in addition to detrimental and
environmental problems. This study aims to evaluate the bearing capacity of
geocell-reinforced strip footings laid on oil-contaminated sand under
eccentric load via numerical modeling using PLAXIS 2D. The behavior of
the footing is assessed regarding various oil contents of 0, 3, 6, 9, and 12%
under loading with different eccentricities of e/B=0, 1/12, 1/6, and 1/3. Numerical results revealed that soil
pollution has a negative effect on the performance of strip footings, so that an increase in oil content led to
a reduction in the magnitude of the load capacity. It was observed that reinforcement with geocell increases
the bearing capacity of footing located on the oil-contaminated medium under different eccentricities. The
effect of reinforcing with geocell was higher for contaminated soil compared to clean one. Further, the load
capacity improvement factor (IF) increased by increasing oil content and settlement value. The results
revealed that the reinforcing effect increased with an increase in load eccentricity for both clean and
contaminated soils. In addition, the use of geocells is most effective when the loading is outside the core of
the foundation, i.e., e/B>1/6. The footing tilting around the centerline axis of the footing due to load
eccentricity as well as soil reinforcement with geocell led to a reduction in the stress-affected zone and as
a result the displacement depth of the soil beneath the foundation.

strength, permeability, and dry unit weight.
Karkush and Kareem [10] showed that soil
contamination with 10 and 20% of fuel oil leads
to a decrease in cohesion by about 44 and 67%,
respectively; whereas, the reduction of internal

1. Introduction

The bearing capacity estimation of surface
footings using various methods has always been
an essential issue in soil mechanics and
foundation engineering [1-2]. Evaluating the

actual parameters of the bed soils is vital for
foundation design. Soil contaminated with oil is
among the problematic soils. Several studies have
raised our understanding of the oil pollution's
effect on the physical and mechanical properties
of the soil [3-7]. One of the appropriate and
economical methods to solve the problem of
contaminated soil is to use these soils in
construction projects [8]. The results reported by
Khamehchiyan et al. [9] demonstrated that the oil
contamination of the soils causes a decrease in

friction angle was 20 and 32%, respectively.
Obviously, with the change in geotechnical
parameters due to the presence of oil, the
foundation design parameters will change. Nasr
[11] revealed that the ultimate bearing capacity of
the soil is extremely reduced in oil-contaminated
sands. The results reported by Hosseini and
Boushehrian [12] showed that contamination of
the soil with diesel fuel and kerosene could affect
the final settlement and the number of loading
cycles required to achieve this settlement. Joukar
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and Boushehrian [13] indicated that increasing the
pollutant content in the sand and the depth of
contamination leads to a reduction in the bearing
capacity. Indeed, the failure mechanism of the soil
changes due to the presence of pollutants within
the soil and reduces the carrying capacity [14].
Shin et al. [15] showed that increasing the oil
content to 1.3% reduces the bearing capacity by
about 75%. Nasr [16] showed that the coefficient
N, should be reduced based on the type and
percentage of the contaminated oil. As can be
discerned, the oil content has a remarkable effect
on the strength parameters of the soil, and it
should be considered for foundation design
purposes.

The beneficial effects of geocells to increase the
bearing capacity have been demonstrated by
several researchers [17-26]. The stresses and
strains under the foundation are reduced by
transferring the load to the deeper layers using the
geocell layer [27]. Dash et al. [28] reported that
geocell cells prevent lateral deformation by soil
confinement, resulting in a rigid composite
beneath the footing, which increases the load
capacity. By increasing the width of the geocell
layer and increasing the number of cells, the
resistance to lateral movement increases [29].
Decreasing the aperture size of the cell wall
caused more soil confinement and thus improved
the footing performance [30]. The positive effect
of geocell depends on the grain size of the soil so
that an increase in the bearing capacity caused by
the geocell is more visible for coarse aggregates
[31]. Mehrjardi et al. [32] recommended that the
size of the geocell cells should be smaller than
0.67 times the footing's width. Findings revealed
that the load capacity of geocell-reinforced soil is
enhanced with an increase in the tensile strength
of geocell materials [33]. Thus, the geometric
features of the geocell play an important role in
the behavior of reinforced soil.

Many studies have considered the planar
reinforcers to reinforce the soil beneath the
footings, both under central and with eccentric
loads [34-38]. Furthermore, the performance of
geocells in strengthening the bed soil has been
investigated under loading exerted along the
centerline of the footing [39-41]. However, the
effect of load eccentricity on surface foundations
laid on sand reinforced with geocell has not been
considered. Several studies have evaluated the
performance of geocells using numerical
methods. However, numerically modeling the
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geocell is not easy due to the honeycomb structure
of the reinforcer. In some numerical modeling, the
geocell-soil composite layer is considered a soil
layer with modified resistance parameters [42-
44]. Hegde and Sitharam [45] examined the effect
of cell opening size as a variable parameter on
bearing capacity by numerical simulation using
FLAC 3D. Chowdhury and Patra [46] evaluated
the effect of geocell on the settlement behavior of
circular footing under combined static and cyclic
loadings using PLAXIS 2D. Numerical modeling
has been performed for soils reinforced with
geocell. However, no study has been reported on
geocell-reinforced soil under eccentric loading
considering oil pollution.

In the present study, finite element analysis was
performed using PLAXIS 2D to investigate the
behavior of geocell-reinforced strip footings
under static eccentric loadings with and without
oil pollution. The results of the numerical
modeling were compared with those obtained
from experimental tests. The behavior of strip
footing laid on clean sand was evaluated under
different load eccentricities; thereafter, it was
examined for oil-contaminated sand models and it
was compared with the non-contaminated soil
conditions.

2. Test materials and elements of the

model

The Mohr-Coulomb criterion, which is an elastic-
plastic criterion and the most popular model to
characterize the shear failure of the soil, was used
to predict the behavior of the bed soil. This model
can accurately identify the failure plane that
occurs in a plane with critical normal and shear
stresses, and it is defined as follows:

T =c+o.tan(e) (D)
In which t is the shear stress, ¢ is the soil's
cohesion, ¢ is the normal stress, and ¢ is the
internal friction angle of the soil. According to the
relations in the Mohr circle, the following
relations can be derived:

0 = Oy~ T~ Sin() 2
T = Ty COS(@) 3)
In which om=(c1t03)/2 is the mean normal stress
and tm=(01-03)/2 is the mean shear stress. Note
that o1 and o3 are the maximum and minimum
principal stresses, respectively. Table 1 provides a
list of the sand's mechanical properties. A strip
footing on a sand layer is modeled with a 25 mm
thick steel plate. The footing dimensions are 39.8
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and 1 cm in width and length, respectively. Note
that the length of the foundation is considered a
unit in the plane strain conditions.

Table 1. Mechanical Properties of the soil

Property Value
Unit weight (KN/m?) 15
Poisson ratio 0.3
Cohesion (kPa) 3.25
Friction angle (degree) 34
Dilatation angle (degree) 4
Young’s module (kPa) 6.5*103

The equivalent composite approach has been
applied in this study for the numerical modeling
of geocell layers. The geocell's cellular structure,
which is impossible to represent in two
dimensions, is the key cause of this problem. In
other words, the sand-filled geocell layer can be
regarded as a soil layer with modified resistance.
In this case, the friction angle and specific weight
of the composite are considered equivalent to the
friction angle and unit weight of the subgrade soil,
based on prior findings [47-48]. However,
because of the confinement feature of the geocell,
the corresponding composite will have a greater
cohesion than the subsoil [49]. According to the
findings of the latter study, Eq. (4) can be used to
determine the cohesion value caused by the
geocell (c):

¢ = % k, (4)
In which k; is the passive soil pressure coefficient
and Aocs is the additional confining pressure
generated by membrane stresses. Eq. (5) can be
utilized to calculate Acs value:

Aoy = %(1 1_15(;“) (5)
Where dg and M are the diameter of the equivalent
circular area of the geocell's pocket size and the
tensile strength of the geocell material in the axial
strain &,, respectively.

According to the geocell layer utilized in the study
by Jahanian et al. [50], the value of dg is equal to
5.7 cm. Additionally, tensile strength 70 kN/m
was computed for 5% axial strain. Egs. (4) and (5)
can therefore be applied to calculate the cohesion
value of the geocell layer, which was 62 kPa.
Madhavi Latha [51] showed that the elastic
modulus (Eg) of the sand-filled geocell layer can
be obtained as follows:

E, = 4(A03)°7 (ky + 200M°16) (6)
Where Ky is the unreinforced sand's
dimensionless modulus value. The equivalent
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composite elastic modulus for K,=240 was 47500
kPa.

The finite element model of the strip footing
placed on geocell-reinforced sand under eccentric
load (h/B=0.45, b/B=4, u/B=0.1) is depicted in
Fig. 1. According to the findings of earlier
research using an equivalent composite approach,
it was not useful to employ the tensile capacity of
a geocell layer filled with sand for horizontal
ground cases. However, in the computational
model of the strip footing where the load is
applied along the centerline of the footing, the
equivalent composite must be able to bear tensile
stresses. Therefore, a layer of geogrid was put in
the center of the composite at a certain height (H)
from the footing base. The H values were chosen
as 0.045, 0.04, 0.04, and 0.035 for e/B=0, 1/12,
1/6, and 1/3, respectively.

Oil-contaminated soil has different
geomechanical features than uncontaminated soil.
Based on the specified behavioral model, the
cohesion and internal friction angle of the soil are
essential properties. The effect of oil on sand can
be disregarded since it has no impact on soil
cohesion because sand has a cohesion value that
is almost zero. Nasr [11] also reported similar
results. Accordingly, it is believed that the
cohesion of oil-contaminated sand is equivalent to
that of clean sand. Based on the previous studies,
the reduction of the internal friction angle of
contaminated sand with soil contents of 3, 6, 9,
and 12% was 32, 30, 28.5, and 27.5 degrees,
respectively [11, 52]. Data from the study
conducted by Soltani-Jigheh et al. [52] showed
that the oil's viscosity, density (at 25°C),
American Petroleum Institute (API) gravity (at
60°F), flash point, and specific gravity (at 25°C)
were equal to 41.2 g/ms, 0.895 g/cm3, 26.8, and
44.2 glcm3, respectively.

As can be seen from Fig. 1, the interactions of the
equivalent composite and geogrid with the soil
and each other were both defined using the
interface element. This interface was designated
as a fully bonded interface for both contact modes
(the resistance reduction factor, the Rinter=1.0). It
should be noted that the boundary conditions for
displacements were taken into account for all
models. The model's bottom is constrained
horizontally and vertically. The vertical
boundaries are free to move in the vertical
direction and restricted in the horizontal direction.
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3. Meshing and numerical modeling

Fig. 2 displays the numerical model's meshing and
boundary conditions. The physical model created
by Jahanian et al. [50] and the numerical model

Equivalent composite ~=—

Geogride element —

.........................................................................................................................

L Interface element
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considered in the current research completely
match each other. To ensure that the displacement
rises consistently until it reaches a specified
maximum value, the loading is applied to the
footing under displacement control conditions.

900 mm

2100 mm

B
Load |
Equivalent composite -~— ‘L.!‘! — Strip footing
u 1 T
| ® |H
h T
()
Geogride element «— i:i L Interface element
V 1b=4B

Fig. 1. Elements of the model including strip footing, soil, equivalent composite, and geogrid element
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For the computational modeling of strip footings
placed on unreinforced and geocell-reinforced
sands exposed to eccentric load under plane strain
conditions, the finite element program 2D Plaxis
was employed. The simulated soil bed's
dimensions match those of the physical model
previously considered by Jahanian et al. [50],
supporting the numerical models. Thus, the bed
soil's width, length, and height were selected 0.4,
2.1, and 0.9 meters, respectively. The fixed

)

aHann HonpaMonadonaManadneadonadonndonadonn HpnoManannan

Fig. 2. Generated mesh and boundary conditions of the model

parameters are the width of the footing (B), the
height of the geocell (h), the length of the geocell
(b), and the depth of the geocell's first layer (u),
all of which are equal to 10, 1.0, 4.5, and 40 cm,
respectively. The findings of the research
conducted by Jahanian et al. [50] have been used
to determine the constant values of u, h, and b. The
oil content and load eccentricity () are two of the
variable parameters. The oil contents were
selected 0, 3, 6, and 12%. Because the load
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eccentricity is considered in its non-dimensional
form, the e/B ratio was chosen to be 0, 1/12, 1/6,
and 1/3. It should be noted that the footing slides
during loading were regarded in the laboratory
models as a result of settlement and the rotation of
the footing. Physical models that have the footing
slide lead to an increase in eccentricity up to about
2 mm. As a result, the loading for the high and low
eccentricities is increased by around 0.7 to 2 mm
to match the eccentricity in numerical models with
the actual eccentricity in the laboratory model.
The reason for choosing this range is that the
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greater the eccentricity magnitude, the lower the
settlement and sliding of the footing during
failure. Accordingly, the value added to the
eccentricity in the numerical model will be
smaller. The depth of the geocell's first layer and
also the height and length of the geocell are
considered in the dimensionless forms of u/B=0.1,
h/B=0.45, and b/B=4.0, respectively. The bearing
capacity and the settlement values of footing are
evaluated under different soil contents and load
eccentricities. The set of numerical models
performed in this study is presented in Table 2.

Table 2. Numerical tests program for the strip footings situated on the unreinforced and geocell-reinforced soils

Test Number  Type of reinforcement  Oil content (%) e/B H (m)
1,234 unreinforced 0 0, 1/12, 1/6, 1/3 -
56,7,8 unreinforced 3 0, 1/12, 1/6, 1/3 -

9,10, 11, 12 unreinforced 6 0, 1/12, 1/6, 1/3 -

13, 14, 15, 16 unreinforced 9 0, 1/12, 1/6, 1/3 -

17,18, 19, 20 unreinforced 12 0, 1/12, 1/6, 1/3 -

21 geocell reinforced 0 0 0.045
22 geocell reinforced 0 1/12 0.04
23 geocell reinforced 0 1/6 0.04
24 geocell reinforced 0 1/3 0.035
25 geocell reinforced 3 0 0.045
26 geocell reinforced 3 1/12 0.04
27 geocell reinforced 3 1/6 0.04
28 geocell reinforced 3 1/3 0.035
29 geocell reinforced 6 0 0.045
30 geocell reinforced 6 1/12 0.04
31 geocell reinforced 6 1/6 0.04
32 geocell reinforced 6 1/3 0.035
33 geocell reinforced 9 0 0.045
34 geocell reinforced 9 1/12 0.04
35 geocell reinforced 9 1/6 0.04
36 geocell reinforced 9 1/3 0.035
37 geocell reinforced 12 0 0.045
38 geocell reinforced 12 1/12 0.04
39 geocell reinforced 12 1/6 0.04
40 geocell reinforced 12 1/3 0.035

4. Numerical Verification

In Fig. 3, the bearing capacity of the strip footings
laid on the unreinforced sand exposed to various
eccentric loads using numerical modeling is
compared to those derived from the laboratory
models [50]. As can be observed, there is a
favorable agreement between the numerical and
laboratory results. The consistency reduces as the
loading eccentricity increases. The comparison of
geocell-reinforced sand for the case with

h/B=0.45, b/B=4, and u/B=0.1 under different
eccentricities is shown in Fig. 4. It is evident that
the results also have a strong agreement with the
reinforced cases. As can be discerned, the
discrepancy between numerical and laboratory
results for loading eccentricities of e/B=1/12 and
1/6 is negligible. In general, it can be stated that
the methods of numerical modeling and
experimental tests are in good agreement with
each other in all cases.
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Fig. 3. Comparison of the bearing capacity for unreinforced conditions between numerical and experimental models
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Fig. 4. Comparison of the bearing capacity for reinforced conditions between numerical and experimental models for
b/B=4, h/B=0.45, u/B = 0.1

5. Results and Discussion

In this research, the increase in bearing capacity
resulting from strengthening the bed soil with
geocell has been shown using a dimensionless
factor called the bearing capacity improvement
factor (IF). This factor is defined as the ratio of the
bearing capacity of the footing based on geocell-
reinforced soil (gg) at a certain settlement to the
bearing capacity of the footing based on
unreinforced soil (q) at the same settlement value
under a similar eccentric loading. When this ratio
is calculated at settlements beyond the ultimate
bearing capacity of unreinforced soil, the ultimate
bearing capacity of the foundation (qui) is used
instead of . Thus, it can be defined as follows:

4q
IFy = ™

In most of the past research, the bearing capacity
of geocell-reinforced foundations has been
investigated at high and unrealistic settlements
such as values up to 50% of the foundation's width
[17, 28], while the large settlement values are not
acceptable for designing of surface footings.
Therefore, the bearing capacity improvement
factor (IF) under loading with different
eccentricities is considered for settlements equal
to and less than 10% of the footing's width.

5.1 Bearing capacity of strip footing
located on unreinforced clean sand

The load-settlement curves for unreinforced sands
under loading with different eccentricities are
shown in Fig. 5. As can be observed, the ultimate
bearing capacity of unreinforced sand

dramatically decreases with an increase in load
eccentricity. The load capacity of unreinforced
sand models for s/B ratios equal to 2, 5, and 10%
is presented in Table 3. It can be seen that the
ultimate bearing capacity for footings under
loading with ratios of e/B=1/12, 1/6, and 1/3 is
reduced by about 13, 41, and 70%, respectively.
However, the reduction values under loading with
the same eccentricities for settlement ratios of
s/B=2.5 and 5% were equal to 6, 16, 43%, and 6,
19, 49%, respectively. This value for s/B=10%
under loading eccentricity of e/B=1/12 was 7. It
was observed that the soil failed for e/B=1/3 and
1/6. Thus, it can be concluded that the reduction
rate of the load capacity significantly rises for
e/B=1/3. Jahanian et al. [50] demonstrated that the
reduction rate of the bearing capacity is higher
when the load is exerted outside the core's footing,
i.e. e/B>1.6. The findings of the previous studies
carried out by Badakhshan and Noorzad [53] also
showed similar results for square and circular
footings and Gill and Mittal [54] for strip
foundations located on the sand reinforced with
rubber crumb.

5.2 The effect of oil content on the bearing
capacity of unreinforced soil

The load-settlement curves for unreinforced sands
under loading with different eccentricities are
displayed in Fig. 6. For each load eccentricity
value, the oil percentage contents were 3, 6, 9, and
12%. As can be observed, the oil in the soil led to
diminishes the bearing capacity under all
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eccentricity values. The load-settlement curves of
oil-contaminated soil failed at lower settlement
values compared to unreinforced soil for both
loadings applied along the centerline of the
footing and also with different eccentricities.
Further, the settlement value declined with an
increase in oil content. The bearing capacity of
unreinforced sand models for s/B ratios of 2.5, 5,
and 10% and different oil contents are presented
in Table 4. As can be seen, the rate of load
capacity reduction increases with increasing load
eccentricity and settlement value. For instance, for
e/B ratios of 0, 1/12, 1/6, and 1/3 containing 3%
oil, the bearing capacity for the settlement value
of s/B=2.5% compared to clean sand decreased by
about 6.9, 7.2, 7.47, and 9.44%, respectively, and
for s/B=5%, it reduced by about 10.43, 10.57,
11.52, and 15.50%, respectively.

Oil-contamination impact on ...

Load Intensity (kPa)

0 50 100 150 200
o 1 1 1 1
S
2 N
| W
I .\\\\'
=~
< .
o 4 \\§
> '\ \'\.
1S AT A
i) N
Z 8 AN
& v
(=]
£10 S\
S \ e
S v
[N
\
2r ... e/B=0 A \
------ e/B=1/12 J
¥t .~ eB=16 3
e/B=1/3
16 -

Fig. 5. Load-settlement curves for unreinforced sand

model under different eccentricity values

Table 3. Load eccentricity effect on bearing capacity of strip footing located on the clean sand

Bearing capacity of footing at different settlement (kPa)

/B Quit Quit reduction
s/IB=25% R (%) s/B=5% R (%) s/B=10% R (%) (kPa) (%)
0 62.27 0 92.67 0 136.00 0 162.31 0
1/12 58.57 6 87.45 6 126.60 7 140.79 13
1/6 52.20 16 74.60 19 - - 95.33 41
1/3 35.27 43 47.34 49 - - 49.03 70
Note: R=reduction magnitude of bearing capacity
- : the model is failed
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Table 4. Bearing capacity of strip footing on the contaminated unreinforced sand under different eccentricities

Load Eccentricity ~ Percentages of

Bearing capacity (kPa)

(e/B) oil pollution

s/B=2.5% s/B=5% s/B=10%
Clean sand 62.27 92.67 136.00
Sand + 3% oil 57.97 83.00 119.00
0 Sand + 6% oil 53.99 74.60 103.52
Sand + 9% oil 51.73 70.84 96.19
Sand + 12% oil 50.27 68.49 90.15
Clean sand 58.57 87.45 126.60
Sand + 3% oil 54.35 78.20 109.50
1/12 Sand + 6% oil 50.50 70.20 94.32
Sand + 9% oil 48.66 66.83 87.00
Sand + 12% oil 47.00 64.50 81.88
Clean sand 52.20 74.60 -
Sand + 3% oil 48.30 66.00 -
1/6 Sand + 6% oil 44.70 58.43 -
Sand + 9% oil 42.48 55.00 -
Sand + 12% oil 40.74 52.59 -
Clean sand 35.27 47.34 -
Sand + 3% oil 31.94 40.61 -
1/3 Sand + 6% oil 28.28 - -
Sand + 9% oil 26.72 - -
Sand + 12% oil 25.64 - -

The reduction rate of carrying capacity for loading
applied along and outside of the footing's
centerline decreased with increasing oil content.
For instance, the bearing capacity of footing for
e/B=0 by increasing oil content from 0 to 3, 3 to
6, 6 t0 9, and 9 to 12% in the settlement value of
s/B=2.5% reduced by about 6.9, 6.86, 4.18, and
2.82%, respectively, and for s/B=10% it
decreased by about 12.50, 12.16, 7.97, and 6.27%,
respectively. The reduction for e/B=1/6 under
similar oil contents in s/B=2.5% was about 7.47,

7.45, 4,97, and 4.09%, but it was failed under
s/B=10%.

5.3 The effect of reinforcement on the load-
settlement of the footing located on oil-
contaminated sand

The effect of geocell-reinforcement on load-
settlement curves for footing located on
contaminated sand with different oil percentages
of 3 and 12% under different loading eccentricity
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values is shown in Fig. 7. In this case, the ratio of
the height and width of the geocell to the width of
the footing is considered h/B=0.45 and b/B=4,
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respectively. For all these tests, the ratio of
reinforcement depth to the width of the footing is
u/B=0.1.
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It can be seen that geocell-reinforcement increases
the bearing capacity of the footing located on the
oil-contaminated soil under loading with different
eccentricities. The ultimate bearing capacity of
unreinforced footings can be determined with 3
and 12% oil contents for loadings along and
outside of the footing's centerline. However, it
cannot be determined for geocell-reinforced soil
with 3 and 12% oil contents. The results reported
by Jahanian et al. [50] for geocell-reinforced
footings laid on clean sand revealed that the
ultimate bearing capacity cannot determined for
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low eccentricity values such as e/B=1/12, even for
settlements that are about 50% of the footing's
width. However, it occurred at higher settlements
for higher eccentricities with ratios of e/B=1/6,
1/3, almost three times that of unreinforced sand
models.

The changes in the bearing capacity improvement
factor (IF) obtained from the results of the tests
conducted for footings located on reinforced sand
contaminated with different oil contents are
depicted in Fig. 8. As can be seen, the effect of
geocell on polluted soil was greater than its effect
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on clean soil. Further, the improvement
coefficient of the carrying capacity increased with
increasing oil content and settlement magnitude.
IF values for s/B=2.5% and oil contents of 0, 3, 6,
9, and 12% under e/B=1/6 eccentricity were 1.32,
1.35,1.41, 1.44, and 1.47, respectively. However,
IF values for s/B=10% under the same values of
oil content and eccentricity were obtained by
about 1.77, 191, 200, 211, and 217,
respectively. From Fig. 8 it can be observed that
the reinforcing effect has increased with an
increase in loading eccentricity for both clean and
contaminated soils. For instance, the increased
magnitude for clean sand under loading with
loading eccentricities of 0, 1/12, 1/6, and 1/3 for
s/B=10% was about 1.42, 1.46, 1.77, and 2.53,
respectively. The IF values for similar /B and s/B
for contaminated soil containing 12% oil were
obtained by about 1.61, 1.67, 2.17, and 3.13,
respectively. It was observed that using geocell
had the greatest effect when the loading was
exerted outside the foundation's core, i.e.,
e/B>1/6. Previous studies also showed that the
strengthening effect was more eminent for higher
eccentricity values [37, 50, 54].

Soil displacement beneath the foundation for
unreinforced contaminated soil with 12% oil
content under loading exerted along the footing's
centerline and also with different eccentricities of
e/B=1/12, 1/6, 1/3 by keeping the same scale in
horizontal and vertical directions is depicted in
Fig. 9. As can be observed, displacement contours
for e/B=0 is symmetrical. However, eccentric
loading has caused the asymmetry of the soil
displacement. The main reason for this issue is the
footing tilting around the centerline axis. In
addition, it can be discerned that the displacement
depth is reduced by increasing load eccentricity.
This issue can be attributed to the depth of the
stress-affected zone, which decreases with
increasing eccentricity.

The effect of presenting a geocell beneath the
footing for contaminated soil with 12% oil under
e/B=0 and e/B=1/6 is also provided in Figs. 10a
and 10b. It can be seen that displacement depth
beneath the footing under e/B=1/6 eccentricity
was lower compared to loading applied along the
footing's centerline. By comparing Figs. 9 and
Figs. 10 it can be discerned that the non-
symmetrical failure pattern in this condition is not
extended such as unreinforced cases. As can be
observed, displacement depth for geocell-
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reinforced cases was much deeper than the
unreinforced soil models under similar eccentric
loading values. Further, the geocell plays an
essential role in increasing the load capacity since
it distributes stress to a deeper layer of the soil,
causing a larger area of the soil medium affected
by the stress field, which enhances the ultimate
bearing capacity of the footing.

3/5

Cclean sand s/B=2.5%
sand + 3% oil
31 sand + 6% oil
sand + 9% oil
25 msand + 12% oil
2
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1
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Fig. 8. Improvement factor of bearing capacity against
eccentricity for various oil contents under different
settlement values of (a) s/B=2.5%, (b) s/B=5%, (c)

s/B=10%
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(a) SR——

(b)

(d)

Fig. 9. Displacement contour beneath the footing for unreinforced contaminated soil under loading with
different eccentricities, (a) e/B=0, (b) e/B=1/12, (c) e/B=1/6, (d) e/B=1/3

.(a) —
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(b)

Fig. 10. Dvisplacement contour beneath the fobiing for g
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\

eocell-reinforced contaminated soil under loading with

eccentricities of (a) e/B=0, (b) e/B=1/6

6. Conclusion
In this research, the behavior of strip footings
located on geocell-reinforced sand with and
without oil pollution under eccentric loading was
evaluated using numerical modeling. The results
were compared with those obtained from
laboratory tests. The main findings of the study
can be summarized as follows:

o The presence of oil in the unreinforced soil led
to a reduction in the bearing capacity for all
loading eccentricities.

e The ultimate bearing capacity of unreinforced
sand decreased dramatically with an increase in
load eccentricity, and the reduction rate was
significantly increased for e/B>1/6.

o The load-settlement curves of unreinforced soil
contaminated with oil for both loadings along
and outside of the footing centerline failed at
lower settlements compared to clean soil, and
the settlement value decreased with an increase
in oil content. The reduction rate of the carrying
capacity decreased with the increase in oil
content for all loading conditions and increased
with increasing load eccentricity and settlement
value.
Reinforcement of soil with geocell resulted in
increased load capacity of foundations located
in oil-contaminated soil under all eccentricity
values.
The ultimate bearing capacity of unreinforced
models for clean and contaminated sands with
different oil contents can be determined under
different loading eccentricities; however, it
cannot be determined for footings located on
reinforced sand.

The effect of reinforcement with geocell for

polluted soil was higher than that of clean soil.

The bearing capacity improvement factor

increased with increasing oil content and

settlement value. The reinforcing effect

increased with increasing load eccentricity for
both clean and contaminated soils. Using
geocells for loading applied outside the
foundation core, i.e., e/B>1/6, had the most
positive effect.

The footing tilting around the centerline axis of
the footing due to load eccentricity as well as
soil reinforcement with geocell led to a
reduction in the stress-affected zone and as a
result the displacement depth of the soil beneath
the foundation.
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