
 

 

 
1 INTRODUCTION 
 
Assessing the stability of slopes is a crucial aspect in numerous geotechnical engineering projects, 
including road embankments, dams, levees, highways, and structures built near steep terrain. An 
inaccurate estimation of the safety factor can result in landslides, leading to severe consequences 
for these structures and, tragically, potential loss of human life. In many cases, it is necessary to 
construct foundations on natural or artificial slopes. The addition of an overload or a surcharge at 
the edge of a slope can induce its instability. The value of the safety coefficient in this situation 
depends on several parameters, such as the geometric characteristics of the slope, the distance 
between the foundation and the slope's edge, soil strength parameters, etc. In this article, the Stress 
Deviator Increase Method (SDIM) (Amar Bouzid 2021, Amar Bouzid 2022) is employed to 
analyze the stability of a slope under the influence of an additional load. To determine the safety 
factor, instead of dividing the soil strength parameters as in the strength reduction method (SRM), 
SDIM increases the principal stress of the Mohr circle, and consequently, the stress deviator, until 
failure is reached by a non-convergence criterion. The actual soil strength parameters (𝑐 and 𝜙), 
as well as 𝜓, are used. As a result, the method is suitable for soil problems that require a non-
associated plasticity flow rule. This innovative method offers the advantage of preserving the 
validity of the safety factor definition in the sense that the evolution of the mobilized shear stress 
corresponds to the same mobilized normal stress (𝜎௠) at every discretized point within the 
medium. Unlike the SRM, no modifications are made to the soil strength parameters; their actual 
values are used throughout the analysis. 

This study investigates  the effects of surcharge loading on both factor of safety and location 
of the slip line using the finite element by SDIM. After a brief description of the SDIM approach, 
a parametric study was carried out to investigate the effect of the magnitude of the surcharge and 
its position relative to the edge of the slope. 
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ABSTRACT: Encountering an overload at the proximity of a slope is a common situation in 
geotechnical engineering, such as mountainous road infrastructures or structures like buildings 
and bridges situated near embankments. The failure of a slope due to overload is a multifaceted 
process that depends on various factors. The magnitude and position of the surcharge relative to 
the slope's edge significantly affect its behavior, potentially transitioning the issue from slope 
stability to a concern regarding shallow foundation bearing capacity. To analyze the failure 
mechanism of a uniform slope subjected to an overload, the Stress Deviator Increasing Method 
(SDIM) is employed. Unlike the Strength Reduction Method (SRM), SDIM enables stability 
assessment using the actual soil strength parameters, thereby maintaining the integrity of the 
safety factor definition. 
 

 
 
 
 



 

 

1.1 Short description of the finite element procedure used 

In this method, a gradual increase in a coefficient called the "Mohr circle expansion coefficient" 
is performed until the slope failure is reached. Starting from the definition of the 𝐹்௥௜௔௟ coefficient 
known in the SRM as the soil resistance parameter reduction factor, in this approach, 𝐹்௥௜௔௟ is 
referred to as the Mohr circle expansion coefficient and is used to control the extent of Mohr circle 
expansion. This parameter is given by: 

   𝐹୘୰୧ୟ୪ = ఛ೅ೝ೔ೌ೗𝜏𝑆𝐷𝐼𝑀𝑚                                                                                                                    (1) 

The basic idea is to develop the initial principal stresses of the Mohr circle in such a way that the 
line 𝑂୭𝑖 remains parallel to the subsequent line of the Mohr circle 𝑂௧𝑡 to ensure that both the 
mobilized shear stress, 𝜏ௌ஽ூெ௠ ,  and the trial shear stress 𝜏்௥௜௔௟, occur on the same plane and 
maintain the definition of the factor of safety 𝐹ௌ஽ூெ in terms of shear stresses satisfied (Figure 1). 

 

Figure 1. Mohr diagram showing the different stress components forming the SDIM. 
 
 
The trial values of the principal stresses for any 𝑐 − 𝜙 soil, have been found (Amar Bouzid 2021) 
as : 

      𝜎ଵ் ௥௜௔௟ = ௌబା஽బி೅ೝ೔ೌ೗(ଵାୱ୧୬ )ି஽బ ୱ୧୬ థ ଶ                                                                                (2) 

      𝜎ଷ் ௥௜௔௟ = ௌబା஽బி೅ೝ೔ೌ೗(ୱ୧୬ థ ିଵ)ି஽బ ୱ୧୬ థଶ                                                                 (3) 
For a purely cohesive soil the equations (2-3) reduce to:    𝜎ଵ் ௥௜௔௟ = ௌబା஽బி೅ೝ೔ೌ೗ ଶ  = 𝜎ଵ଴ +  ஽బଶ ൫𝐹்௥௜௔௟ − 1൯                                                                         (4) 

   𝜎ଷ் ௥௜௔௟ = ௌబ ି ஽బி೅ೝ೔ೌ೗ ଶ  = 𝜎ଷ଴ − ஽బଶ ൫𝐹்௥௜௔௟ − 1൯                                                                           (5)   
Where 𝐷଴ is the principal stress deviator (𝜎଴ଵ − 𝜎଴ଷ) and 𝑆଴ is the principal stress sum (𝜎଴ଵ +𝜎଴ଷ). As  𝐹்௥௜௔௟ is gradually increased, stress points whose trial stresses reach their ultimate val-
ues enter a state of plasticity and form plastic zones that continue to spread. At this point, 𝐹்௥௜௔௟ 
is assumed to have reached the stress point-based factor of safety 𝐹ௌ஽ூெௌ௉  which is calculated using 
the following formula: 

    𝐹𝑂𝑆ௌ஽ூெௌ௉ =   ఛೄವ಺ಾ೑ఛೄವ಺ಾ೘                                                                                                                     (6) 

From Figure 1, the analytical evaluation of 𝐹𝑠ௌ஽ூெௌ௉  is: 

𝜏௙ = 𝑐 + 𝜎௠ 𝑡𝑎𝑛 𝜙 
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𝐹𝑂𝑆ௌ஽ூெௌ௉ =  ଶ௖஽బ ౙ౥౩ ഝ + tanଶ 𝜙 ቀ ௌబ஽బ ୱ୧୬ థ − 1ቁ                                                                               (7) 

For a purely cohesive soil, the analytical expression of 𝐹𝑂𝑆ௌ஽ூெௌ௉  is: 
   𝐹𝑂𝑆ௌ஽ூெௌ௉ =  ଶ௖஽బ                                                                                                                           (8) 

As 𝐹்௥௜௔௟ is increased, the Mohr's circle expands until it reaches the failure condition. During this 
process, some stress points reach their 𝐹ௌ஽ூெௌ௉  values and undergo plastic deformation, leading to 
the formation of plastic zones that continuously spread. 𝐹ௌ஽ூெ, the overall factor of safety, is not 
achieved until all stress points have reached their plastic state. However, if the algebraic system 
of equations does not converge within the maximum number of iterations specified by the 
convergence criterion, the last 𝐹்௥௜௔௟ value is assumed to be the overall factor of safety. Therefore, 
the accuracy of 𝐹ௌ஽ூெ depends on the accuracy of  𝐹ௌ஽ூெௌ௉ . 

The finite element computational procedure including the previous equations were encoded in 
a Fortran (Fortran 90) called SସDINA for slope stability analysis. It employs the eight-noded finite 
element with reduced integration to discretize a two-dimensional slope section as a plane strain 
problem. In SସDINA, the slope geomaterial is treated as a visco-plastic material and its behavior 
is described according to a visco-plastic procedure.             

2 EFFECTS OF BOTH SURCHARGE MAGNITUDE AND SETBACK DISTANCE ON 
THE SLOPE FAILURE MECHANISM 

In real-world situations, it's common to come across external loads positioned at the edge of a 
slope, including those stemming from building foundations, bridge abutments, or the weight of 
road traffic acting on an underlying embankment. When a surcharge is placed on the edge of a 
slope, the failure mechanism of the latter depends on many parameters. Extensive research 
(Pantelidis and Griffiths 2015, Xie et al. 2017,  Xie et al. 2023)  has shown that the magnitude 
and the position of the surcharge relative to the edge of the slope considerably influences its failure 
mode. In the two subsequent subsections the impacts of surcharge magnitude as well as surcharge 
set back distance on the failure mechanism of homogenous slope are examined within the 
framework of a restricted parametric study. 

2.1 Effect of surcharge load magnitude  
To assess the effect of varying the overburden on slope stability, the slope shown on Figure 2 is 
considered. The soil deposit has the effective cohesion 𝑐 = 20 𝑘𝑃𝑎, a friction angle 𝜙 = 20°  and 
a unit weight γ = 20 𝑘𝑁/𝑚ଷ. 
 
 

 
 
 
 
 
 
 
 

 
Figure 2. Geometry and soil data for the slope example. 

 
The effect of varying the overburden on slope stability is analyzed by applying progressively 
increasing loads ranging from 𝑞 𝛾𝐻⁄ = 0.125 to 𝑞 𝛾𝐻⁄ = 1.50 (𝑞 from 25 to 300 kPa), and 
positioned at a fixed distance of 1m from the slope's edge for a slope inclination of β = 45°. The 
evolution of factor of safety provided by SDIM and those of LEMs in terms of 𝑞 𝛾𝐻⁄  is illustrated 
in Figure 3. 

 



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Safety factor as a function of the relative surcharge 𝑞/𝛾𝐻. 
 
 
Firstly, the variation curve of the safety factor as a function of the relative overburden obtained 

by SDIM is compared with those obtained by the simplified Bishop and Spencer methods. The 
safety factor values obtained by SDIM are slightly lower than those obtained by the slice method, 
which can be explained by the use of a non-associated flow rule in the SDIM (Amar Bouzid, 
2022). The curves exhibit the same trend, which is a decrease in the safety factor with an increase 
in the surcharge. 

The Figures (4) display the distribution of the equivalent plastic strain 𝜀௣̅ contour lines and the 
failure mode of a slope subjected to increasing overburden. As expected, the slope failure 
mechanism strongly depends on the magnitude of the applied load (Zhu et al. 2016). Indeed, for 
loads of low to moderate intensity (𝑞/𝛾𝐻 less than 0.5), the failure surface is well-defined, and 
the slope exhibits a deep failure reaching the toe of the slope (toe failure surface). As the 
overburden increases, the depth of the failure slip line decreases, giving birth to a mechanism 
resembling that of a shallow foundation bearing capacity mechanism (Pantelidis and Griffiths, 
2015). For very heavy loads, the slope failure is localized at the slope inclined face. 
  

      Fig 4. Effect of surcharge load on 𝜀௣̅contour lines at failure: (a) 𝑞/𝛾𝐻 =  0.125, 
(b) 𝑞/𝛾𝐻 =  0.5, (c) 𝑞/𝛾𝐻 =  0.1,  (d) 𝑞/𝛾𝐻 =  1.5 
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2.2 Effect of surcharge setback distance 

 
An analysis of the failure mechanism of a slope according to the location of the surcharge relative 
to its edge is carried out in the following. In this context, an overburden 𝑞 = 100 𝑘𝑃𝑎 is placed at 
the top of a slope with a fixed height 𝐻 =  10 𝑚. The analysis pertains to the influence of varying 
relative setback distance ratios of 𝑏 𝐵⁄ =  0.0, 2.0, 3.0, 4.0 and 6.0 on the slope behaviour. 
Firstly, the influence of the load setback distance ratio was evaluated for four different slope 
inclinations 𝛽 =  30°, 45°, 60° and 75°. The resulting curves are shown in Figure 5. On initial 
observation, these curves show an identical pattern, characterized by a linear segment between 𝑏/𝐵 =  0.0 and 𝑏/𝐵 = 3.5. Then, there is an approximate horizontal line, indicating a marginal 
impact of the setback distance on the 𝐹ௌ஽ூெ whatever the value of the slope inclination 𝛽. An 
optimum setback for which the external load has no influence on 𝐹ௌ஽ூெcan be set at 𝑏/𝐵 =  3.5. 
 
 
 
 
 
 

 
 
 
 

 
 
 

Fig 5. Variation of the safety factor (𝐹ௌ஽ூெ) as a function of the setback 
distance b/B for different slope angles. 

 
 
Figures 6(a) through 6(f) illustrate the distribution of the equivalent plastic strain 𝜀௣̅ contour 

lines at failure for a slope inclination 𝛽 of 75°,  along with values of factor of safety for setback 
distance ratios of 𝑏 𝐵⁄ =  0.0, 2.0, 3.0, 4.0 and 6.0. The initial observation is evident: as the distance 
between the load and the edge increases, its impact on slope stability diminishes, leading to an 
increase in the safety factor. Specifically, the safety factor rises from 0.66 to 0.83 as the relative 
distance 𝑏/𝐵 grows from 0 to 3.0 and stops when it reaches a critical value of approximately 3.5. 
Beyond this critical distance, the presence of the load ceases to affect the stability.  

For a slope without overburden (Figure 6a), the failure slip line appears at the toe of the slope, 
and the safety factor is 𝐹ௌ஽ூெ = 0.84. When an external loading of magnitude equal to 𝑞 =100 kPa 
is placed at slope edge (Figure 6b), the safety factor falls to 𝐹ௌ஽ூெ = 0.66. In this case, plastic 
deformations primarily concentrate under the load and near the slope surface. As the load moves 
away from the edge, the safety factor increases to attain 0.73 (Figure 6c) and 0.84 (Figure 6d) for 
respectively 𝑏/𝐵 = 2.0 and  𝑏/𝐵 = 3.0. Beyond a critical setback distance evaluated as 𝑏/𝐵 =3.5, the slope behavior at failure reveals two distinct failure mechanisms (Figures 6e and 6f), the 
first occurs in the sloping ground and the slip line is similar to that of a slope without surcharge 
loading. In these conditions, the stability becomes completely independent of the influence of the 
load and the safety factor recovers its initial value of 𝐹ௌ஽ூெ = 0.84. The second failure mechanism 
occurs directly beneath the load, indicating a shallow foundation bearing capacity issue. 
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                                 Fig 6. Effect of loading position on 𝜀௣̅ contour lines at failure: a) 𝑞 = 0,  

(b) 𝑏 𝐵⁄ = 0, (c) 𝑏 𝐵⁄ = 2,  (d) 𝑏 𝐵⁄ = 3, (e) 𝑏 𝐵⁄ = 4, (f) 𝑏 𝐵⁄ = 6 
 

 
3 CONCLUSION 
 
The evaluation of the failure mechanism of a slope subjected to surcharge was carried out by 
SDIM. This new method has the advantage of using the actual soil strength characteristics and 
therefore preserves the validity of the safety factor. 
For a given slope angle, the stability of the slope decreases as the surcharge magnitude increases. 
Smaller surcharges cause toe-type well defined failures surfaces. However, when the surcharge 
grows, slope face-type slip lines appear accompanied by the formation of a shallow foundation 
bearing mechanism immediately beneath the surcharge location. 
The failure mechanism evaluated as a function of the location of the surcharge showed that the 
effect of the latter is limited to a certain critical setback distance within which the failure line 
extends from the toe of the slope to below the surcharge. Beyond this distance, two distinct failure 
mechanisms appear: a failure line of an unloaded slope and a failure mechanism of a shallow 
foundation. 
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