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1 INTRODUTION 

In civil engineering, the foundations can be some-
times subjected to eccentric or/and inclined loads, if 
a foundation is subjected to lateral loads and mo-
ments in addition to vertical loads, eccentricity in 
loading results. The basic problem is to determine 
the effect of the eccentricity on the ultimate bearing 
capacity of the foundation. When a foundation is 
subjected to an eccentric vertical load the contact 
pressure increases on the side of eccentricity and de-
creases on the opposite side [1]. The bearing capaci-
ty of an eccentrically loaded footing maybe deter-
mined using the concept of useful (or effective) 
width proposed by Meyerhof [2], and it has been 
widely accepted in geotechnical design. The form of 
bearing capacity factors Nγ, Nq, and Nc of an eccen-
trically loaded footing is determined by analytical 
formulation. It be assumed that the rupture surface is 
a log spiral, and failure occurs on the same side as 
the eccentricity with respect to the center of the foot-
ing [3].  In addition to the load eccentricity, when a 
shallow foundation is placed on top of slope and 
subjected to axial load, its bearing capacity is re-
duced as compared to that of footing on horizontal 
ground [4]. In the last decades extensive studies 
have been made for two dimensional problems of a 
strip footing resting on a horizontal or inclined slope 
surface so that different methods of analysis are 
available [5-8]. Unfortunately, there are few studies 
on the combined effect of load eccentricity and slope 
on bearing capacity. Saran and Reddy [9] suggested 

the form of the bearing capacity formula using a lim-
it equilibrium approach. Cure, Turker [10] studied 
the effect of the ultimate load of the footings near 
slopes. They conducted a series of laboratory model 
tests of a strip footing resting on a sand slope and 
subjected to eccentric load. The ultimate loads de-
creased as the eccentricity increased. This decrease 
is due to the combination of eccentricity and slope. 
The Nγ and Nq coefficients follow similar trends and 
negatively correlate with e/B. In recent years, due to 
ease of use and ability to improve bearing capacity 
of footings under static loads, geosynthetics rein-
forced soil has been widely of interest to geotech-
nical engineers in various applications [11-18]. For 
the eccentrically loaded foundations placed on hori-
zontal soil there is geometrical symmetry for the 
footing center, however in the case of non-horizontal 
soil (slope) this symmetry is lost and there are two 
cases of loading, the first is eccentric load located on 
the side towards the slope face and the second is the 
eccentric load located on the opposite side far away 
from the slope face (Fig. 1).  

Al-Jubair and Abbas [19] have numerically studied 
the effects of variation in footing closeness, loading 
eccentricity and slope angle of a strip footing con-
structed near the edge of a sloping cohesive ground. 
They found that the slope effect diminishes as the 
footing distance from the edge approaches (1.5) 
times its width. Turker et al [20] conducted a series 
of bearing capacity tests with an eccentrically loaded 
model surface and shallow strip footings resting 
close to reinforced sand slopes to investigate ul-
timate loads, failure surfaces, load–displacement 
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curves, rotation of footing. The results indicate that 
ultimate loads decreased with increasing eccentrici-
ty. This decrease is due to a combination of eccen-
tricity and slope. The use of geotextile reinforcement 
increased ultimate loads in comparison with unrein-
forced cases. Failure surfaces were not symmetrical, 
primary failure surfaces developed on the eccentrici-
ty (slope) side, and secondary failure surfaces devel-
oped on the other side. Lengths of failure surfaces 
decreased with increasing eccentricity. Prior to fail-

ure, footings always rotated towards the eccentricity 
(slope) side a few degrees. In this work, the ultimate 
load capacity of an eccentrically loaded surface and 
shallow strip footing close to a reinforced sand 
slope, such as failure surfaces, load displacement 
curves of footings were tested experimentally. Thus, 
the effect of load eccentricity location relative to the 
slope face on bearing capacity of strip footings on 
the reinforced sand slope was examined. 

 

 
Figure 1 - load eccentricity location relative to the slope face 

2 EXPERIMENTAL MODEL TEST 

2.1 Test program and description 

The load tests were conducted in a rigid steel test 
tank with inside dimensions 1500×500×600mm. one 
of the tow sidewalls of tank was prepared with a 
thick and transparent glass to observe the failure 
mechanism during the tests.  

Horizontal and inclined lines were marked on the 
glass to control the sand layers and the slope geome-
try. The plane strain condition is ensured by building 
the test tank sufficiently rigid. The loading process 
consists a rigid beam steel used as a lever mecha-
nism. Load was applied through a weights putted on 
the lever and measured by using load sensor (15 kN) 
and displacements were measured by dial gauge 
placed at the point of load application on the footing. 
A schematic view of the test configuration with the 
symbols used in this study is illustrated in Fig. 2.   

 

        
Figure 2 -Schematic view of the model test 

The footing model was placed in the tank at a dis-
tance 50 mm to the slope crest, with the length of the 
footing parallel to the width of the tank. The side 
wall friction effects on the model test results were 
reduced by making the two ends of footing smooth. 
A layer of sand paper is cemented on the base of the 

footing model with epoxy glue to make it rough. 
Numerous holes were created on the upper side of 
the footing plate so that different eccentricities, e = 
0, 10, 20, 30 mm or e/B = 0, 0.1, 0.2, 0.3) can be ap-
plied (Fig. 3). 
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Figure 3 -Footing model with eccentricities 

The sand used in the experimental investigation was 
dry pit sand with coefficient of uniformity (Cu) of 
3.08 and coefficient of curvature (Cc) of 1.29. The 
maximum and minimum dry unit weights of the 
tested sand are found to be 19.3 and 14.1 kN/m3. 
The average unit weight and relative density 
achieved in the test tank using a sand raining tech-
nique in all tests of sand was kept at 16.2 kN/m3 and 
60%. The particle size distribution was characterized 
using the dry sieving method and the results are 
shown in Fig. 4. The internal friction angle of com-

pacted sand at relative density of 60% measured 
from a series of direct shear tests is approximately 
38°.  Other parameters of the tested sand are illus-
trated in Table 1. 

A commercially uniaxial geogrid, made from trans-
parent polyester (PET R6 80/20) was used as rein-
forcement element. The maximum tensile strength of 
the geogrid was found to be 56 kN/m. The geogrid 
mesh aperture size is 30 × 73 mm. Other properties 
are given in Table 2. 

 
Table 1- Material properties of the sand used 

parameter 
Cohesion 

C (kPa) 

Angle of 

internal 

friction 

(°) 

Unit 

weight, γ 

(kN/m3) 

Maximum 
dry density 
(kN/m3) 

Minimum 
dry density 
(kN/m3) 

D10 
(mm) 

D30 
(mm) 

D60 
(mm) 

Coefficient 
of uniformi-
ty, Cu 

Coefficient 
of curva-
ture, Cc 

Value 0.0 38 16.2 19.3 13.92 0.12 0.37 0.24 3.08 1.29 

 
Table 2- Properties of the geogrid 

Raw material 

Surface 

ground 

(g/m2) 

Resistance 

to traction  

(kN/m) 

Elongation 

(%) 

Resistance to 
the traction for 
1% of elonga-
tion (kN/m) 

Resistance to 
the traction for 
5% of elonga-
tion (kN/m) 

meshes 
Opening 
(mm×mm) 

Elongation 
before 
service 
(%) 

rollers Dimen-
sion, length and 
width (m×m) 

(PET) 380 
20≤ RT ≤ 
80 

20≤  ∆L ≤ 
80 

16 56 73×30 0 4.75×100 

 

2.2 Preparation of slope

The procedure adopted for the reinforced model 
slope construction was the same as those experi-

enced by Choudhary, Jha [21]. The dry sand was 

filed and compacted into the tank in ten equal layers 
each 50 mm thick in order to ensure uniform com-

paction of each layer. In case of reinforced sand 
slope, the reinforcement was placed at the desired 

depth within the fill (single layer as well for multiple 

layers; as the case may be) and the compaction was 
then continued in a similar manner until the desired 

height was reached. The length of reinforcement was 
kept constant (LR=0.6 m) throughout all tests model 

and at any given position the location of the rein-

forcement was such that it extended up to the face of 
the slope. After that; the compacted sand bed was 

dug carefully to achieve the desired slope, then the 
straight face of the slope has been leveled by a rigid 

metal rule. Each series was conducted to study the 

effect of one parameter while the other variables 
were remaining constant. The varied conditions in-

clude the load eccentricity location relative to the 
slope face, the number of geogrid layers (N) and 

depth to topmost layer of geogrid (μ). Table 3 shows 

the test setup conducted for this study. The testing 
program for load eccentricity located on the side to-

wards the slope face considered positive (+) was al-
so similar to that for load eccentricity located on the 

other side far away from the slope face considered 

negative (-). 
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Figure 4 -Particle size distribution curve for the tested sand  
 
Table 3- Program tests setup 

Test ref N e/B µ/B d/B tg(β) 

00 

0 

0 

 

0.5 

 
2/3 

01 0.1 

02 0.2 

03 0.3 

1025; 1050; 1075 1   

0 

0.25 

2025; 2050; 2075 2 0.5 

3025; 3050; 3075 3 0.75 

1125; 1150; 1175 1 

0.1 

0.25 

2125; 2150; 2175 2 0.5 

3125; 3150; 3175 3 0.75 

1225; 1250; 1275 1 

0.2 

0.25 

2225; 2250; 2275 2 0.5 

3225; 3250; 3275 3 0.75 

1325; 1350; 1375 1 

0.3 

0.25 

2325; 2350; 2375 2 0.5 

3325; 3350; 3375 3 0.75 

 

3 NUMERICAL STUDY 

The analysis was developed using a two-
dimensional plane-strain elasto-plastic finite element 

computer program Plaxis 2D [22], 2002). The com-
puter program was conducted based on the assump-

tions that the foundation soil behaved as a non-linear 

elastic—perfectly plastic material. The geometry of 
the typical finite element model adopted for the 

analysis is the same as the experimental model. The 
left vertical line of the model was constrained hori-

zontally, and the bottom horizontal boundary was 

constrained in both the horizontal and vertical direc-
tions. The interaction between the geogrid and the 

soil was simulated by interface elements located be-
tween the reinforcement and the soil surfaces. The 

interface between the contacts surfaces were mod-

eled by a suitable value for the strength reduction 
factor at the interface compared with the correspond-

ing soil strengths. 
The adopted soil parameters were assumed to remain 
the same as in the laboratory tests in all the finite el-
ement analyses for the unreinforced system. Strip 

footing was simulated by creating a rectangular re-
gion and using a linear elastic material model. For 
the reinforced case, a reinforcement layer was intro-
duced at the required depth with appropriate strength 
reduction factors. To obtain good results of numeri-
cal simulation, it is necessary to adopt a right mate-
riel to simulate the reinforcement and soil rein-
forcement interaction [23]. 
 

 
Figure 5 -Numerical model test with mesh size 

 

The geogrid reinforcement was simulated with a 
five-node bar element by using the geogrid option of 
Plaxis 2D. A 15-node triangle plain strain element 
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was used to create the finite-element mesh. The 
Mohr Coulomb model was used to simulate the be-
havior of sand. The Mohr–Coulomb model requires 
a total of five parameters, which are listed as Pois-
son’s ratio, cohesion, friction angle, Young’s modu-
lus and dilatancy angle. The Poisson’s ratio of the 
sand was accepted as 0.20, based on the recommen-
dation for medium density sand from Kumar and 
Ilamparuthi [4]. The materiel parameters for the nu-
merical model parameters are illustrated in Table 4. 
Due to the stress con-centration around the founda-

tion, the mesh size was locally refined in these re-
gions (Fig. 5). The initial conditions generally com-
prise the initial groundwater conditions, the initial 
geometry configuration, and the initial effective 
stress state. The sand layer was dry, which made im-
plementing ground water condition unnecessary. 
The initial stress condition of the slope was generat-
ed by applying the gravity force characterized by the 
soil unit weight including the geogrid reinforce-
ments. 

 
Table 4- Materiel properties for the numerical model  

Materiel Materiel 

model 
γunsat(kN/m3) γsat 

(kN/m3) 
E (kPa) ν EA EI φ(°) ψ(°) R 

Sand Mohr-

Coulomb 
16.2 19.35 12000 0.2   38 6 0.7 

Geogrid      500 1.75E+03    
Foundation       2.10E+07    

 

4 RESULTS AND DISCUSSION  

A total of 70 bearing capacity tests were carried out 
by using a model strip footing on reinforced and un-
reinforced sand. Three different eccentricities 
(e/B=0, e/B=0.1, 0.2, e/B=0.3) located on the side 
towards the slope face, and the same eccentricities 
located on the opposite side far away from the slope 
face were applied to a model footing. Thus, the ef-
fects of eccentricity on load–settlement and failure 
mechanism were obtained and evaluated. Load–
settlement relations obtained from experimental in-
vestigation are shown in Fig. 6. The tangent inter-
section method, suggested by Trautmann and 
Kulhawy [24] was used to estimate the ultimate 
bearing capacity for each model test. For the case of 
unreinforced sand the curves and the failure loads 
for the case of the negative eccentricities are superi-
or to those for the case of the positive eccentricities 
(Fig. 6 (a)). The obtained results of the laboratory 
tests demonstrates that the load eccentricity and its 
relative location to the slope face has a significant 
effect on the ultimate bearing capacity .The ultimate 
bearing capacity increases as the load eccentricity 
decreases in both cases of negative and positive ec-
centricity. The results of this experimental work are 
close to the results reported by Saran and Reddy [9] 
and Cure, Turker [10]. When the primary failure sur-
face becomes wide and deep, the ultimate bearing 
capacity of the tested strip footing increases from the 
slope side beneath the footing. A much greater pres-
sure is therefore needed to the failure surface to 
reach the slope. The results in the case of reinforced 
sand have shown that for strip footing loaded by 

small negative load eccentricity (e/B=-0.1), the bear-
ing capacity becomes greater than that of the same 
footing subjected to a centric load (e/B=0). This re-
sult demonstrates that small and negative load ec-
centricities in the case of reinforced sand slope have 
a little effect on the ultimate bearing capacity be-
cause the primary failure surface from the slope side 
becomes deeper and larger and therefore it has a 
greater impact than the eccentricity one. 

In Fig. 7, the variation of iB ratios with increasing 
eccentricities for model strip footings on the rein-
forced sand slope were compared with model strip 
footings on level reinforced sand soil experienced by 
Cure, Turker [10] and Turker, Sadoglu [20].  iB fac-
tor is defined as the ratio of bearing capacity of foot-
ing subjected to eccentric vertical load to that of 
footing subjected to a centric vertical load. As seen 
from Fig. 7, while the ratios show some difference 
until the negative load eccentricities, the ratios be-
tween the two cases are in good agreement in the 
case of positive eccentricities. 

Fig. 8 shows the comparison between numerical and 
experimental load-displacement curves. Only select-
ed load-deflection curves were presented because 
they virtually follow the same trend.  From the 
graphs, it can be seen that the numerical load-
displacement curves agree reasonably well with the 
experimental ones. The minor discrepancies between 
the experimental and the FEM curves are due to un-
certainty in the estimation of the input parameters of 
the soil and the foundation and the boundary condi-
tions adopted for both the numerical and the experi-
mental model. 
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Figure 6 - Load–settlement relations obtained from experimental investigation 

 

 
Figure 7 - Variation of iB ration with eccentricity ratio +e/B 

 

 
Figure 8 - Comparison between numerical and experimental results  

 
4.1 Failure mechanism 

When a foundation located near a slope is loaded to 
failure, the zones of plastic flow in the soil on the 
side of the slope are smaller than those of a similar 
foundation on level ground and the ultimate bearing 
capacity is correspondingly reduced. The region 
above the failure surface of a shallow rough strip 
foundation is assumed to be divided into a central 
elastic zone (active zone I), a mixed shear zone (pas-

sive zone II) and a radial shear zone (III) [5, 25]. For 
the case of reinforced slopes, the arrangement of re-
inforcement has a great effect upon the critical fail-
ure surface of reinforced slopes. Actually, increasing 
the vertical spacing between the reinforcement lay-
ers would produce a larger depth of the reinforced 
zone and therefore enhances the deep footing effects 
which in turn improved the bearing capacity of the 
foundations on sloping ground. However as the ver-
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tical spacing of reinforcement layers becomes larger 
than the half of the footing width, failure within the 
reinforced zone associated with a very larger soften-
ing could occur and the reinforced slope does not 
longer behave coherently  [12]. In the current 
study, the adopted vertical spacing of reinforcement 
layers is h=0.5B which should lead to a large and 
deep failure surface as it is shown in Figs. 10(a), 
10(b) and 10(c). It is well known from the literature 
that primary failure surface of the eccentrically load-
ed strip footing resting on horizontal ground occur at 
the eccentricity side and a secondary failure surface 
occurs at the opposite side [15]. However, the nu-
merical and experimental results obtained in this 
study have shown that, regardless, the load eccen-
tricity location relative to the slope face, the primary 
failure surface of the eccentrically loaded strip foot-
ing resting on unreinforced sloping ground occurs at 
the eccentricity side and it extends towards the slope 
(see Figs. 9 and 10). Therefore, the influence of the 
slope on the bearing capacity becomes dominant and 
the ultimate load decreases due to the lack of passive 
resistance beneath the footing. These results are sim-
ilar to those obtained by Huang, Tatsuoka [12]. Fig. 
10 shows that for reinforced sand slope, the primary 

failure surface is wider than that observed in the un-
reinforced soils. The tensile force resulting from the 
friction acting between the soil and the geogrid lay-
ers in the reinforcement decreased and the active 
force is reduced. The tensile force in the reinforce-
ment enables the geogrid to resist the horizontal 
shear stresses that can be mobilized within the soil 
mass beneath the footing and transfer them to the ad-
jacent stable layers of soil causing a wider and deep-
er failure. Therefore, the geogrid layers do not only 
increase the bearing capacity due to the development 
of wider failure surface but also results in broaden-
ing the contact area between soil and the rigid bot-
tom surface of the footing. When the load eccentrici-
ty is located far away from the reinforced slope face 
(see Fig. 10(c)), the failure surface becomes wider 
and deeper than when the load eccentricities are lo-
cated towards the slope face, which gives the active 
wedge more shear resistance. The increase in the 
failure surface increases the bearing capacity in the 
case of small and negative eccentricity (e=-0.1B) 
compared to that of a centered load. In this case, the 
geogrid play a role in increasing the bearing capacity 
due to a developed longer failure and greatly reduces 
the negative effect of the load eccentricity. 

 

      
 

 
Figure 9 - Failure surfaces for unreinforced sand slope 
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Figure 10 - Failure surfaces for reinforced sand slope 

 

4.2 Horizontal displacements of the footing   

To study the behavior and the failure mechanism of 
strip footings on unreinforced and reinforced sand 
slope when subjected to eccentric loading, various 
curves of loading versus horizontal displacement 
were plotted with the numerical results in Fig. 11. 
Fig. 11(a) shows that the horizontal displacement 
and the eccentricity ratio e/B have opposite signs. 
For negative values of e/B, the direction of the dis-
placement was changed as the load reaches a specif-
ic value which depends on the load eccentricity. This 
can be explained by the progression of the slipping 
potential surface towards the slope, which is similar 
to the behavior of a foundation on a top of a slope 
under an inclined loading as reported by Baazouzi, 
Benmeddour [26]. In the case of reinforced soil with 
two layers of reinforcement (N=2), as illustrated in 

Fig. 10 b, the displacement directions was not 
changed for a load with eccentricity e=-0.3B. How-
ever, the variation follows the same trend as unrein-
forced soil for all the other values of eccentricity, 
meaning that the number (N=2) of reinforcement 
layers can balance the failure potential towards the 
slope for an eccentricity e=-0,3B and with an in-
crease in the loading value. Fig. 11c illustrates the 
change of the horizontal displacement with the var-
iation of loading for a reinforced soil with 4 layers 
of geogrids. It can be noticed that the load causing 
failure are increased, and the directions of the hori-
zontal displacements was not changed for all the ec-
centricity values. Hence, the foundation offers a 
greater resistance to sliding. 

 

 
Figure 11 - Vertical load intensity versus horizontal displacements  

CONCLUDING REMARKS 

1. It is proved that the location if the load ec-
centricity relative to the slope crest has a 

great effect on the footing behavior for the 

case of reinforced san slope 
2. The optimal depth of the first layer of rein-

forcement is strongly linked to location of 
load eccentricity relative to the slope face 

(load eccentricity towards or far away from 
the slope). 

3. The surface of failure, become deeper and 

larger for load eccentricity located far away 
from the slope face (e/B<0). In addition, the 

sliding potential of the foundation towards 
the slope can be balanced by using a precise 

number of reinforcement layers. 

4. A medium agreement between the experi-
mental and numerical results on general 
trend of behavior and the critical values of 
the geogrid parameters is observed. 
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