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1. INTRODUCTION 
n account of the weakness of soils against tensile 

stresses, designers have constantly been seeking the 

best solution to obviate this shortcoming. As a result, 

the tensile and shear strength of soils are expected to be 

improved by reinforcing the soil. Reinforced soil slopes 

are among the structures that benefit from this technique. 

With the advancements in polymer engineering & 

sciences in recent decades, geosynthetics – which possess 

superior advantages over other reinforcements – have 

been introduced as a suitable option to reinforce the soil. 

Alternatively, the application of a broad range of soils in 

combination with their easy execution technique has 

turned the reinforced soil into an economical option in 

civil projects [1]. Calculating the bearing capacity of strip 

foundations is an important and common task, the suitable 

estimate of which is requisite for a sound and safe design. 

The traditional techniques of calculation of the bearing 

capacity of foundations do not consider the uncertainty. 

One of the most substantial issues in the design and 

application of all types of foundations is to determine the 

bearing capacity, which was introduced, for the first time, 

by Terzaghi in 1948 [2], after which it was developed by 

other researchers throughout different periods of time. It 

has been nearly 40 years as of the recognition of the 

reinforcements as useful products in civil and 

geotechnical projects, during which they have been 

utilized in many projects, and their applications and 

production growth rate have been rapid [3-7]. Due to the 

recent advances in the polymer industry, the development 

of geosynthetics has also acquired a much faster rate. The 

term “geosynthetic” is used for a set of products that are 

generally applied in order to resolve the geotechnical 

problems [8]. Geosynthetics increase the bearing capacity 

of foundations, and protect retaining walls, asphalt 

pavements, drainage systems, hydraulic structures, etc. 

from erosion [9-12]. Most of the design methods of 

reinforced structures are based upon the limit equilibrium 

method by assuming the location and mechanism of 

failure. Moreover, it is assumed in this method that the 

failure mechanism is similar to the reinforced soil, which 

has been suggested by Terzaghi, as well as that the effect 

of the reinforcement is applied as a tensile strength in the 

design calculations. This idea has been employed by 

many researchers [13]. And Hull et al. [14], in the studies 

accomplished on reinforced embankments and slopes. 

These researchers utilized a simple computational 

method, and supposed that it is possible to consider the 

behavior of soils and reinforcements independently. 

However, there is an interaction between a soil and its 

reinforcement, and it appears that the failure mechanism 

of reinforced soils occurs gradually owing to the tensile 

properties of reinforcements. In a research which that was 
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performed by Hang et al. to determine the accurate failure 

mechanism directly, a method has been used to predict the 

bearing capacity of a sand reinforced by tensile materials 

placed exactly horizontally underneath the foundation 

[15]. Malkawi  et al. investigated the bearing capacity of 

shallow foundations overlying reinforced soils, resulting 

in a design methodology [16]. Guido et al. examined the 

influence of various parameters on the bearing capacity of 

a geogrid-reinforced sand. After having investigated the 

outputs, they found that the number of geogrid layers, 

geogrid width and the first interval of the geogrid layer 

from a reference point require optimization to achieve the 

most bearing capacity [17]. Numerous researches 

regarding the reinforcement of sand by reinforcing strips 

and geosynthetics have proven the reinforced sand to 

increase the bearing capacity and decrease the settlement 

significantly [17-21]. Hegde and Sitharam carried out 

their analysis on a foundation overlying a clay by means 

of a probabilistic approach called the Monte Carlo 

method, resulting in the fact that the probability of the 

foundation failure under vertical loads is more plausible 

[22]. Cerato et al. indicated the spatial variability 

mechanism of a clay subject to the combined loading on 

the foundation [23]. Seun Park and Dohi used an 

elastoplastic behavior to model the soil according to the 

Mohr-Coulomb (MC) failure criterion for sand and clay. 

In comparison with the contemporary theoretical 

relationships, these equations are more accurate as well as 

consider the interlayer strength, which is reliable [24]. In 

this research, a rational estimate of the bearing capacity 

has been completed using numerical modeling via the 

discrete-element software FLAC3D; and calculating the 

probabilistic bearing capacity has been carried out by 

using the Monte Carlo simulation method along with 

considering the uncertainty of the soil internal friction 

angle and cohesion parameters. 

  

2. MATERIALS AND METHODOLOGY 

2.1. CONSTITUTIVE MODEL AND FAILURE 

CRITERION 

The Mohr-Coulomb (MC) constitutive model has been 

used to model the soil as it is capable of modeling the soil 

plastic behavior in case the displacements exceed the 

elastic limit. 

2.2. STRUCTURAL ELEMENTS 

2.2.1. GEOGRID 

A geogrid reinforcing element has been utilized in order 

to model the slope reinforcement. Fig. 1 displays the 

coordinate system of the geogrid structural element. 

 

Figure 1. The coordinate system of geogrid structural element  

The shear behavior on the surface of the element and the 

grid includes cohesive strength and internal friction angle. 

The shear behavior of the geogrid element is shown in 

Fig. 2. 

Figure 2. Shear behavior of geogrid element 
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2.2.2. SHELL STRUCTURAL ELEMENT 

A shell element with 18 degrees of freedom is used in 

order to model the head of the foundation, Fig. 3.  

2.3. MODEL GEOMETRY 

Before to applying the loading on the strip foundation, 

initially, the model should be solved statically. The 

loading analysis is performed after investigating and 

ensuring the validity of the static analysis results. In the 

case of the static analysis, the model boundaries are fixed, 

meaning that the model movement is constrained in each 

of the three directions for its base and in the horizontal 

direction for its side boundaries (only perpendicular to 

these boundaries), respectively. It should be mentioned 

that the upper model boundary is free because of the 

movements in the natural ground surface, for which 

defining a boundary condition is not necessary. Before 

exerting the loading on the foundation, the model should 

reach an initial equilibrium by using the gravitational 

acceleration; and the maximum unbalanced force 

compared to the exerted nodal forces in the problem 

should be small. 

 

Figure 3. Shell structural element 

2.4. MODEL OPTIMIZATION 

In order to model the foundation and the slope, the 

dimensions of the sloped perimeter and the foundation 

layer situated underneath have been taken into 

consideration following the investigation of a number of 

models with different dimensions and increased distances 

of boundaries as well as by ignoring the influence of the 

boundaries. Two dimensions of the model were set as a 

constant value, and the third one as a variable to achieve 

suitable dimensions. Afterward, various values were 

selected for the variable dimension, for each of which the 

model displacements at the slope toe were calculated. Figs 

4-6 illustrate the diagrams of the outputs. For instance, in 

order to find the appropriate dimension in the x-axis 

direction, the dimensions in the y-axis and z-axis 

directions are assumed to be the constant values of 20m 

and 30m, and the maximum displacement for the models 

with the dimensions of 20, 40, 60 and 80 in the x-axis 

direction is recorded as shown in Fig. 4, respectively. 

 
Figure 4. Vertical displacement of the model in terms of its dimensions in the x-axis direction. 

 

As depicted in Fig. 4, the vertical displacement of the 

slope toe increases by moving the model boundaries 

forward in the x-axis direction, which virtually remains 

constant in the dimension domain of 60-80m. The trend 

of Fig. 4 shows that for the dimensions more than 60m, 

the magnitude of the model displacements will not 

change, and hence it can be stated that the suitable 

dimension for the model in the x-axis direction is equal to 

60m. Obviously, for the dimensions less than 20m, there 

are also variations in the vertical displacement. Similar to 

the x-axis, the relevant diagrams for the y-axis and z-axis 

are presented in Figs. 5 and 6, respectively. 
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Figure 5. Vertical displacement of the model in terms of its dimensions in the y-axis direction. 

 
 

The total number of the elements used in the model is 

equal to 26,354 zones, which has been chosen akin to the 

selection of the model dimensions in Fig. 7. In order to 

mesh the model, it has been attempted to utilize cubic 

elements (with identical edge scales) as these elements 

will lead to the best result in the model. Furthermore, the 

mesh size in the location of the strip foundations, due to 

the more sensitivity of the loading conditions and high 

values of displacements, has been considered finer than 

that in other zones. 

 

Figure 6. Vertical displacement of the model in terms of its dimensions in the z-axis direction. 
 

 
Figure 7.  Developed model 

 
Figure 8.  Vertical displacement of the model in terms of the number of the elements used in modeling 

 

2.5. CHARACTERISTICS OF SOIL AND STRUCTURAL ELEMENTS 

The properties considered for the soil slope and the layer 

of the foundation located beneath are represented in Table 

1. As previously mentioned, the Mohr-Coulomb (MC) 

constitutive model has been employed to model the soil 

of the foundation and of the slope.  

 

Table 1. Soil properties 

 
Mass per unit volume 
(kg/m3) 

Internal friction angle Cohesion (kPa) 
Shear modulus 
(MPa) 

Bulk modulus (MPa) 

Foundation layer 2200 33 200 208 278 

Soil slope 1950 31 10 27 42 
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The definite properties considered for the soil encompass 

density, bulk modulus and shear modulus, Table 1. In 

addition, the probabilistic soil parameters include the 

internal friction angle and cohesion, the statistical 

distribution of which has been tabulated in Table 2. 

 

Table 2. Properties of the probabilistic parameters considered for the soil 

Mean cohesion 
(kPa) 

Mean internal friction angle 
(degrees) 

Cohesion standard deviation 
(kPa) 

Standard deviation of internal friction 
angle (degrees) 

10 31 5 5 

 

Additionally, Tables 3 and 4 present the characteristics of 

the geogrid and shell (strip foundation) elements, 

respectively. It should be noted that the cap of the isotope 

has been taken into account, and the length-to-width ratio 

of the strip foundation as more than five. 

 
 

Table 3. Characteristics of the geogrid element 

Elasticity 
modulus (MPa) 

Poisson’s ratio 
Coupling spring stiffness 

(cs_sk) (N/m) 
coupling spring cohesion 

(cs_scoh) (kPa) 
coupling spring friction 

(cs_sfric) (degrees) 

4.14 0.33 7590 0 29.2 

 
 
 
 

Table 4. Characteristics of the strip foundation element 
Elasticity 
modulus (kPa) 

Poisson’s ratio 
Cross-sectional 
dimension (m×m) 

Cross section thickness (m) Specific mass (kg/m3) 

2.9×107 0.2 16×3 1.2 2400 

 

3. RESULTS AND DISCUSSION 
3.1. LOADING ON STRIP FOUNDATION 

The shell element used has an elastic behavior. In this 

stage, the previous displacements, which have been due 

to bringing the model into a balanced state, are firstly 

removed onto the foundation head. The exerted loading, 

in the static state, has been evaluated as 500 kN. 

 
Figure 9.  Vertical displacement following applying loading on foundation 

 
Figure 10. Graph of unbalanced force  

 

As can be observed in Fig. 10, despite having an 

ascending trend in some parts of the model, the 

unbalanced force has an overall descending trend until 

reaching the zero point in the diagram, which 

demonstrates the suitable balance of the model following 

the loading imposed on the foundation. Moreover, as 

illustrated in Figs. 11 and 12, the diagrams of the 

settlement and horizontal displacement in the model – 
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time histories of the settlement and horizontal 

displacement in a point with the coordination of 

(20,15,20) – have ultimately reached a constant value, 

indicating the model balance. 

 

 
Figure 11. Diagram of model settlement 

 

 
Figure 12.  Diagram of model horizontal displacement 

 

 

3.2. PROBABILISTIC ANALYSIS 

Because of the indefiniteness and inherent variability of 

the physical and strength parameters of soils along with 

the measurement errors and approximations existing in 

analytic models, the slope stability analysis is a 

probabilistic phenomenon, in which a probabilistic 

distribution is obtained in terms of the variable input 

parameters. As a result, it is possible to calculate the 

probability of occurrence of different safety factors or the 

failure probability of the desired slope. Since designers 

are not comprehensively familiar with the probabilistic-

analytic solution associated with the problems, the simple 

method of simulation will be very efficient to achieve the 

probabilistic solutions. In the Monte Carlo (MC) 

simulation method, by stochastically sampling the 

probabilistic distribution of the input parameters 

calculated as well as by iterating the sampling, the 

relevant parameters can be evaluated, followed by the 

probabilistic distribution of the obtained results. 

Assuming a distribution similar to the normal distribution 

for the input parameters, it can be found that the 

probabilistic distribution is also symmetrical; and the 

mean and mode values are consistent with one another. 

The values calculated via the definite method, which have 

been evaluated by averaging the input data, are also 

compatible with the probabilistic distribution mean

3.3. INVESTIGATING THE BEARING CAPACITY BY A DEFINITE ANALYSIS 

3.3.1. ASSESSMENT OF THE SLOPE ANGLE EFFECT 

In order to investigate the effect of the slope angle, the 

four angles of 25, 35, 45 and 55 degrees have been 

considered in modeling. In these models, a foundation 

with the width of 3m and the length of 16m has been used. 

It should be noted that, in all these models, the foundation 

distance from the sloped boundary has been taken into 

account as 4.5m, the dimensions of the geogrid sheet as 

two times the dimensions of the strip foundation, and the 

depth of the geogrid sheet as the half of the width of the 

strip foundation, i.e., 1.5m. Fig. 13 indicates the graph of 

the bearing capacity for the strip foundation for the slope 

with the angle of 55 degrees. 
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Figure 13.  Bearing capacity of strip foundation for angle of 55 degrees 

Referring to Fig. 13, the bearing capacity in terms of the 

slope angle of 55 degrees is nearly equal to 600kPa, the 

corresponding settlement of which is 75mm. Obviously, 

the settlement of the strip foundation increases as the 

stress applied to the foundation increases. Initially, the 

gradient of these variations is relatively constant. In the 

case of higher stresses, however, the graph gradient 

decreases until it becomes horizontal. Fig. 14 represents 

the graph of the strip foundation bearing capacity in terms 

of the angle of 45 degrees. According to Fig. 14, the strip 

foundation bearing capacity in the case of the slope angle 

of 45 degrees is approximately 650kPa, and the 

corresponding settlement is 71mm. By reducing the slope 

angle from 55 degrees to 45 degrees, the bearing capacity 

increases by virtually 8%. Increasing the slope angle will 

reduce the vertical displacement, the reason of which is 

the rise in the vertical component of the soil reaction in 

the soil-foundation interaction. The diagram of the strip 

foundation bearing capacity for the angle of 35 degrees is 

drawn in Fig. 15, in which the strip foundation bearing 

capacity in the case of the slope angle of 35 degrees is 

almost 705kPa with the corresponding settlement of 

76mm. As observed here, reducing the slope from 55 

degrees to 35 degrees will lead to the increase of the strip 

foundation bearing capacity by 17%. 

... 

Figure 14.  Bearing capacity of strip foundation for angle of 45 degrees 

. 

Figure 15.  Bearing capacity of strip foundation for angle of 35 degrees 

Fig. 16 shows the strip foundation bearing capacity for the 

slope angle of 25 degrees, in which the bearing capacity 

and the corresponding settlement are 730kPa and 69mm, 

respectively. It can be found, by comparing the graph of 

the bearing capacity in Figs. 15 and 16, reducing the slope 

angle from 35 degrees to 25 degrees has increased the 

slope bearing capacity by nearly 4%. 
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. 

Figure 16.  Bearing capacity of strip foundation for angle of 25 degrees

. 

Figure 17.  Bearing capacity of strip foundation in terms of different slope angles 

The strip foundation bearing capacity in terms 
ofDifferent slope angles has been compared in Fig. 
17. As depicted in Fig. 17, as the slope angle decreases 

from 55 degrees to 25 degrees (almost a two-time 

reduction), the strip foundation bearing capacity increases 

from 600kPa to 730kPa, which is almost 22%. It should 

be mentioned that higher reductions in the slope angle will 

lead to less increases in the strip foundation bearing 

capacity. 

3.4. INVESTIGATING THE BEARING CAPACITY BY PROBABILISTIC ANALYSIS 

3.4.1. ASSESSMENT OF THE SLOPE ANGLE EFFECT 

In order to investigate the effect of the slope angle in the 

probabilistic analyses, similar to the previous (definite) 

method, the four angles of 25, 35, 45 and 55 degrees have 

been considered in modeling. In these models, a 16m (L) 

× 3m (W) foundation has been used. It should be stated 

that, in all these models, the foundation distance from the 

sloped boundary has been chosen as 4.5m, the dimensions 

of the geogrid sheet as two times the dimensions of the 

strip foundation, and the depth of the geogrid sheet as the 

half of the width of the strip foundation, i.e., 1.5m. Fig. 

18 illustrates the comparison among the normal 

distributions of the strip foundation bearing capacity in 

terms of different slope angles. 

. 

Figure 18.  Normal distribution of strip foundation bearing capacity in terms of different slope angles 

As shown in Fig. 18, in the case of the probabilistic 

analysis, a decrease in the slope angle from 55 degrees to 

25 degrees (an approximate two-time reduction) increases 

the mean of the strip foundation bearing capacity in the 
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normal distribution in the form of an increase by 21%, 

from 570kPa to 695kPa. Comparing the outputs of the 

bearing capacity in the definite analysis method to those 

of the mean bearing capacity in the normal distribution, it 

can be concluded that the bearing capacity of the strip 

foundation will diminish in the latter case. 

4. CONCLUSION 
With the reduction in the slope, from 55 degrees to 25 

degrees (almost a two-time drop), the strip foundation 

bearing capacity increases from 600kPa to 730kPa (by 

virtually 22%). However, the more the slope angle 

decreases, the less the strip foundation bearing capacity 

will increase. In the case of the probabilistic analysis, 

reducing the slope angle from 55 degrees to 25 degrees 

(an approximate two-time decrease) results in increasing 

The mean of the bearing capacity of the strip foundation 

from 570kPa to 695kPa (by almost 21%) in the normal 

distribution. Based on the comparison of the results of the 

bearing capacity between the definite analysis method 

and the mean bearing capacity in the normal distribution 

method, it can be established that the bearing capacity of 

the strip foundation will decrease in the mean 

probabilistic analysis method. 
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