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Abstract Reviewing the two most used techniques for slope stability 

analysis is the goal of this research. The analysis derived from PLAXIS 2D 

(finite element based) and SLOPE/W (limit equilibrium based). Two 45-

degree and 60-degree slope angles that are strengthened with nails at three 

different inclinations—0, 15, and 30—are used for the analysis. All nail 

inclinations and slope angles are measured from the horizontal. A 

comparative analysis of stability metrics, including critical slip surfaces, nail 

forces, and factor of safety, has been conducted. It is discovered that the limit 

equilibrium approach produces greater values of the factor of safety when 

compared to the finite element method. There are notable differences 

between the failure surfaces obtained from the two methods.Large nail 

forces are seen using the LEM approach for 45 slopes with all nail 

inclinations, however the FEM method indicates an increase in the nail 

forces for 60 slope angles. In conclusions, both FEM and LEM methods 

have advantages and disadvantages. These two methods give the precise 

results if both methods are combined. The analysis using the LEM to 

compute the factor of safety are further enhanced with the Finite Element 

using PLAXIS 3D to compute the stress strain displacement of the soil with 

added soil nailing or structure member such as retaining wall. 

1 Introduction 

 Soil nailing has emerged as an effective ground improvement technique especially in 

cases of slope instability. The unstable slopes can now be improved and made stable using 

soil nailing technique. It is necessary to examine the stability and methods of reinforcement 

of these reinforced slopes. Many scholars [1-4] have used the standard limit equilibrium 

approach to analyze the stability of reinforced slopes. These limit equilibrium techniques, 

also referred to as the "method of slices," are predicated on the idea of calculating the factor 

of safety by slicing the failure mass into slices and making certain assumptions about the 

interslice force distribution. The pre-selected slip surface of an assumed geometry, such as a 
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wedge, circular, or log-spiral, and the inclination or position of the interslice forces are 

typically the focus of the assumptions [5]. 

 Researchers have also used limit analysis, which consists of an upper bound approach 

and a lower bound approach, in addition to the limit equilibrium method (LEM). The analysis 

of the lower bound technique [6, 7] includes static acceptable stress fields, which are typically 

assumed and have no meaningful relationship to the actual stress fields. Therefore, finding 

the lower bound solutions to a real-world slope problem is difficult. Because the 

kinematically admissible velocity fields in the upper bound approach are created by a stiff 

element, the limit analysis of slope stability is appropriate for complex situations such slopes 

with intricate geometries, profiles, groundwater conditions, and loadings. [8–10]. However, 

to find the best upper bound solution for structures and geotechnical issues, other methods 

have also been employed, such as special sequential quadratic programming, linear finite 

elements, non-linear programming, and stiff finite elements. [11]. 

 

 In order to forecast the real site conditions, the finite element technique (FEM) [12] is 

also utilized to analyze the failure zone, soil non-linearity, and the staged building effect [13]. 

The application of the finite element method to numerical modeling of reinforced slopes has 

shown to be highly beneficial in the following areas: stress analysis [14], nail pullout 

resistance [15, 16], nail forces along nail length, nail force variations with cohesion, angle of 

friction, and lateral movement of the slope [17–20]. The strength reduction approach can also 

be used to calculate the factor of safety using finite elements. [21–23]. 

 

 By reducing the strength parameters (phi and c) by the safety factor, the strength 

reduction method (SRM) analysis applies body forces resulting from soil weight and other 

external loads until the system is unable to maintain a stable condition [24]. Numerous well-

known commercial geotechnical finite element or finite difference programs, including 

PLAXIS 2D, SNAIL, ANSYS, and FLAC 2D, also use this technique [25]. The pseudo-static 

stability issues in a frictional-cohesive material have also been resolved through the 

application of the strength reduction technique. [26]. Gurocak et al. [27] used a two-

dimensional (2D) finite element program to apply the strength reduction method to rock slope 

stability analysis. The impact of soil–nail interaction is not sufficiently taken into account, 

despite the fact that 2D analysis offers insightful information about the behaviour of nailed 

slopes. 

 Additional techniques, such as artificial neural networks (ANN), have been developed 

recently to investigate the deformation of soil-nailed walls [28]. Nowadays, stresses are 

measured utilizing Fiber Bragg grating (FBG) sensing technology to carry out the factor of 

safety computation [29]. Esmaili [30] measured the displacement of soil nail walls using 

close-range photogrammetry. Reliability analysis based on the Monte Carlo simulation 

technique is also used to evaluate the sliding stability and global stability of soil nail walls 

versus ultimate limit states [31]. Statistical techniques, the different element analysis method 

(DEM) and the adaptive neuro fuzzy inference system (ANFIS) are also used in the analysis 

of reinforced slope stability[32]. 

2 Methodology of the Research 

 

This work uses the software packages SLOPE/W and PLAXIS 2D v8.1 to analyze the 

response of soil-nailed slopes, with the goal of highlighting potential discrepancies between 

the two most used slope stability approaches (LEM and FEM). The experimental study on 

nailed soil slope at varied slope angles of 45 o and 60 o, utilizing nail inclinations of 0 o, 15 

o, and 30 o with the horizontal, conducted by Rawat and Gupta [15] has been numerically 

2

MATEC Web of Conferences 400, 02003 (2024)
SPICE 2024

https://doi.org/10.1051/matecconf/202440002003



modeled. The experimental findings from Rawat and Gupta [15] are analyzed and used to 

validate the comparison of the factor of safety, failure slip surfaces, and nail forces from 

LEM and FEM. 

2.1 Reinforced Slope Stability Analysis Using Limit Equilibrium Method 

The interaction between the soil and the structure largely determines how reinforced 

systems respond. the relationship between the structural elements (nails), which aid in the 

load transmission mechanism, and the soil, which supplies both mobilizing and resistive 

stresses. By guaranteeing the system's static equilibrium, the general limit equilibrium 

technique offers a global factor of safety for the final limit state [5]. Two types of factors of 

safety and interslice shear-normal forces are used in the factor of safety calculation derived 

by the general limit equilibrium (GLE) or merely limit equilibrium (LE) technique. 

 

(a) Factor of safety with respect to moment equilibrium (Fm) 

 

        
      

(b) Factor of safety with respect to force equilibrium (Ff) 

                 

 

 

 

 

The normal force at the base of each slice (N) is the major variable in both equations of 

factor of safety. The value of this normal force is dependent on the shear forces (XL and XR) 

acting on the slices of the slopes. The base normal force is obtained by the relation: 

 

 

 

 

 

The calculations of both Factor of Safety for moment equilibrium and force equilibrium 

using the equations are Limit Equilibrium Method (LEM) method. This LEM method is 

further analysed to add the soil nailing using the Finite Element Method (FEM). 
 

2.2 Reinforced slope stability analysis using finite element method 

 The slip surface for 45 degrees slopes is analysed with 3 different degree of inclination 

which is 00, 150 and 300 of soil nailing. The analysis of the slopes are shown in Figure 1. 

The finite element (FE) method has gained widespread acceptance for the analysis of slope 

stability due to its advantage of not requiring assumptions regarding the location of the failure 

surface and interslice forces [12]. Analysis is now nonlinear and iterative due to the growing 

utilization of complicated geometries and material data. In these situations, the inputs—

geometry and soil—are functions of the solutions themselves. Utilizing the existing FE 

packages is advised because this process necessitates a significant quantity of computation 

time and data. The PLAXIS 2D v8.1 FE software package is one such program that was 
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utilized in the current investigation. Using FE analysis, this software separates the continuum 

into discrete parts, which are then further subdivided into nodes. 

 

 The degree of freedom for each node in the issue with a specified set of boundary 

conditions corresponds to the unknowns [13]. The degree of freedom of the nodes is 

connected to displacement components in the current work. Three nodes are separated into 

each line element, and each node is given a displacement value. In contrast, if the line element 

has five nodes, it creates a 15-noded triangle. These three nodes add to the six node triangles. 

When it comes to nails, anchors, or geogrids, it has been discovered that the 15-noded 

triangles produce more accurate results than the six-noded triangles. [13]. 

 

 The tiny incremental stress and strain relationship also governs the material in the FE 

analysis. The constitutive model of Mohr-Coulomb is used in the FEM package. This 

procedure mimics the formation of irreversible strains in a perfectly pliable material 

environment. Plastic point occurrence in the continuum is checked by generating a series of 

yield functions that make up a yield surface. These yield functions are self-existent. based on 

the current levels of strain and stress. Additionally, the FEM procedure makes it possible to 

model the material's elastic, totally plastic behavior. To link the stress to the strains, apply 

Hooke's law. During calculations, these strains and the strain rates are broken down into their 

elastic and plastic fractions. According to Griffith and Smith [33], the Mohr–Coulomb model 

is made up of six yield functions that are made up of the soil's plastic characteristics, such as 

"c" and "phi." 

 
 

Fig. 1. a Slip Surface for 45o slope for 0 o nail inclination. b Slip Surface for 45 o slope for 15 

o nail inclination. c Slip Surface for 45 o slope for 30 o nail inclination. Rawat S and Gupta 

AK, (2016) 

4

MATEC Web of Conferences 400, 02003 (2024)
SPICE 2024

https://doi.org/10.1051/matecconf/202440002003



 
Fig. 2 a Slip Surface for 60o slope for 0 o nail inclination. b Slip Surface for 60 o slope for 15 

o nail inclination. c Slip Surface for60 o slope for 30 o nail inclination. Rawat S and Gupta 

AK, (2016) 

 

The FE analysis creates a material stiffness matrix using these ideas for material transition 

in order to determine the stiffness of each component and eventually the total volume of soil. 

It has also been noted from the literature review that in order to determine the factor of safety 

for slopes, researchers [34, 35] used the FE strength reduction approach. The convergence 

criterion is the most important consideration when evaluating the factor of safety in strength 

reduction analysis. The strength reduction method, sometimes referred to as the /–c reduction 

method, involves a series of load advancement steps. Through the use of an incremental 

multiplier Msf, the strength parameters are reduced. The following formula is used to 

determine the safety factor: 

(4) 

 

The type of constitutive soil model chosen, the element's type and size, the discretized mesh, 

the displacement curve's node location, and the tolerance permitted for non-linear analysis 

all affect how accurate the factor safety is. The model is said to have reached the final state, 

depending on which FE routine was chosen, if either the maximum number of iterations is 

reached, the model has experienced a continuous failure mechanism, or the displacement at 

selected points in the continuum is suddenly changed. FEM packages additionally include 

the use of arc-length control in the iteration procedure to accurately model the failure. 

Occasionally, when doing a non-linear analysis, some points suddenly fail toobserved which 

lead to the generation of an ‘‘apparent’’ negative stiffness matrix beyond the ultimate limit 
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condition. The arc-length control technique has solved the snap through issue in FEM. The 

commercial finite element program PLAXIS now includes the arc-length control technique 

to provide dependable collapse loads for load-controlled calculations. Hence, the study uses 

PLAXIS 2D, a dependable and effective method for determining the factor of safety of 

slopes, which is based on the finite element method and combined with an elastic completely 

plastic (Mohr–Coulomb) stress–strain relation. 

 
 

Fig. 3 a Axial force distribution in top, middle and bottom nails with different nail 

inclinations for 45 o slope. b Axial force distribution in top, middle and bottom nails with 

different nail inclinations for 60 o slope. Rawat S and Gupta AK, (2016) 

 

Table 1 Summary of the nail length mobilized (Rawat S, Gupta AK ,2016) 

 

 

2.3 Numerical modelling and analysis using PLAXIS 2D 

The FE method PLAXIS 2D v8.1 has been used to numerically simulate reinforced slopes. 

Using a 15-noded triangulation process, PLAXIS 2D takes into account the soil slope in plain 

strain. The model's dimensions align with the ones used in LE analysis. The real boundary 

conditions of the model test carried out by Rawat and Gupta (2016) are simulated using the 

standard fixities. Using the usual fixities, the back of the slope is constrained solely in the x-

direction, while the model's base is restricted in the x–y direction. To simulate the model in 

FEM, a Mohr–Coulomb model with well-graded sand soil is employed. The phreatic line is 

placed at the base of the model to represent the drained soil condition. Table 4 provides a 

summary of the parameters used in the slope and nail modeling. Plate elements, geogrids, 

node to node anchors, and fixed end anchors are available as reinforcement systems with the 
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PLAXIS package. But for slope reinforcement, nails can be substituted by an elastic 

equivalent plate element. According to the literature review [FHWA, 2012; Shiu and Chang, 

2006; Fan and Luo, 2008], the simulation of nails is significantly influenced by the bending 

and axial stiffness. For an accurate simulation of the soil nails, equivalent flexural rigidity 

and equivalent axial stiffness must be computed if the nails are modeled using a plate element 

with a circular cross section. Babu et al. [16] provide the following formula to get the 

equivalent modulus of elasticity for the simulated nails: 

(5) 

Similarly Equivalent axial stiffness is given by 

                    (6) 

 

The equivalent bending stiffness is calculated by the relation: 

                (7) 

 

The equivalent plate diameter of the nail is calculated by the PLAXIS software using the 

formulation: 

             (8) 

In this work, the nail input values used for the analysis are determined using the Eqs. (4), 

(5), (6), and (7), as indicated in Table 2. The adoption of an interface with a virtual thickness 

factor (d) of 0.1 ensures appropriate soil–nail interaction. During the mesh generation 

process, this virtual thickness factor is multiplied by the element thickness. The material data 

set assigned to the model is also assigned to the interface. In the absence of experimental 

data, an interface strength reduction factor (Rinter) with a value of 2/3 is utilized to simulate 

pullout resistance in soil nails. It connects the soil's strength to the interface's strength as 

(9) 

 Following the modeling of the soil-nail interactions, a 2D mesh is produced once the 

initial stresses are calculated using the Ko technique and Janbu's relation, Ko = ¼ ð1 sin/\. 

To get precise findings, a finer 2D mesh is created at the soil–nail contacts. The current 

research does not take pre-overburden pressure or over-consolidation into account. The /–c 

reduction approach is used to analyze the simulated model (SRM). When slope failure is 

reached, this calculating approach produces an incremental multiplier PMsf value as results 

converge. For the reinforced slope failure, this incremental multiplier number is regarded as 

FOS. Fig. 6 displays the entire slope of reinforced soil that has been simulated. 
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Fig. 4 Slope stability by tensile capacity of nails in     Fig. 5 Slope stability by tensile capacity 

of nails in 45o slope with 30o nail inclination                                  60o slope with 30o nail 

inclination  

 

Table 2 Material properties used in numerical modelling (Rawat S, Gupta AK ,2016) 

 

 
 

3 Results from PLAXIS 2D Finite Element Method  

3.1 Factor of Safety from PLAXIS 2D  

 According to PLAXIS 2D, a 45-degree slope reinforced with a 15-degree nail inclination 

produces a maximum factor of safety of 1.43. The factor of safety is determined to be 1.36 

and 1.15 for each of the remaining inclinations of 0 and 30 degrees, respectively. Figure 7 

illustrates how the factor of safety increases with slope displacement under surcharge for a 

15 o nail inclination, reaching a total displacement of 0.462 m of slope. Additionally, Figures 

7 and 8 show that the minimum factor of safety for a 30 o nail inclination in a 45 o and 60 o 

slope is 1.08 and 1.15, respectively. Additionally, Figure 7 indicates that, in comparison to 

nail inclinations providing the largest FOS, nail inclinations with the least factor of safety fail 

at a comparatively lower displacement. For a 45-degree slope, an intermediate factor of safety 

value of 1.36 is associated with a nail inclination of 0 degrees, and for a 60-degree slope, 

1.17. It's also crucial to note that, for a 60-degree slope, the factor of safety climbs quickly 

for tiny displacements of 0.1 m and then stays constant until the slope displacement increases 

to the point of failureAt a 15 o nail inclination, the greatest factor of safety for 60 o is 1.37. 

Like a 45-degree slope, 0 and 30 degrees have significantly lower safety factor ratings. It is 

discovered that a nail inclination of 30 degrees has the lowest safety factor for a 60-degree 

slope, which coincides with a 45-degree slope angle.  
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Fig. 6 Numerical modelling of reinforced soil slope in PLAXIS 2D. Rawat S and Gupta 

AK, (2016) 

 

Table 3 Properties of simulated soil used in numerical modelling (Brinkgreve RBJ, Engin 

E, Swolfs WM ,2012) 

 

 
Fig. 7 Factor of safety against slope displacement from PLAXIS 2D for different nail 

inclinations at 45o slope. Rawat S and Gupta AK, (2016) 

 

3.2 Slip Surface from PLAXIS 2D. 

 

It is observed from the analysis of reinforced slopes using the FEM routine PLAXIS that non-

circular slip surface failure occurs on different slopes with changing nail inclination. Though 

it is discovered that variations in nail inclination cause these slip surfaces to fluctuate. In the 
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example of a nail inclined at 0 o for a 45 o slope, Figure 9a shows that the FEM analysis 

provides a slip surface passing close to the slope faceFailure of a 45-degree slope with 15- 

and 30-degree nail inclinations results in a similar pattern of non-circular slip surfaces. 

Additionally, Fig. 9b, c shows that, in contrast to 0 o nail inclination, slide surfaces travel 

through the 15 o and 30 o nail inclinations. The highest horizontal displacement, however, is 

seen to be in close proximity to the strengthened slope face in all three nail inclinations. 

Compared to 45 o slopes, the failure pattern of 60 o slopes exhibits a distinct variation. For a 

0 o nail inclination in a 60 o slope, as seen in Fig. 10a. 

 

Fig. 8 Factor of safety against slope displacement from PLAXIS 2D for different nail inclinations at 

60o slopes. Rawat S and Gupta AK, (2016) 

Compared to 45 o slopes, the failure pattern of 60 o slopes exhibits a distinct variation. A non-circular 

slip surface occurs for a nail inclination of 0 degrees on a 60-degree slope, as shown in Fig. 10a. This 

failure of the slip surface is more akin to the sliding failure. Nevertheless, it is discovered that the 

surcharge loading has caused the entire crest to shift. The research yields a well-defined slip surface for 

nail inclinations of 15 o. The slope crest is where the slip surface begins and ends at the toe. It is 

characterized as a non-linear, non-circular kind of slip surface failure. Additionally, it is evident that 

the slide surface crossed the nails during failure (Figure 8). Fig. 10c shows a complex failure pattern 

for a 60 o slope with 30 o nail inclinations. In contrast to toe failures found for 0 o and 15 o nail 

inclinations, the slope failure pattern is seen. The higher slope face is where the slip surface, which is a 

wedge failure, generally occurs. Additionally, a greater amount of the failed wedge is shown to not 

even be able to pass through the bottom nail. For a slope angle of 60 degrees, it is also discovered that 

the slope has significantly distorted in comparison to other nail inclinations, undergoing a non-circular 

slip surface. 

Table 4 Factor of safety of LEM and FEM 
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Fig. 9 a Slip Surface at failure for 45 o slope angle from PLAXIS with nail inclination of 0 o. b Slip 

Surface at failure for 45 o slope angle from PLAXIS with nail inclination of 15 o. c Slip Surface at 

failure for 45 o slope angle from PLAXIS with nail inclination of 30 o. Ref: Rawat S and Gupta AK, 

(2016) 

 

Fig. 10 a Slip Surface at failure for 60 o slope angle from PLAXIS with nail inclination of 0 

o. b Slip Surface at failure for 60 o slope angle from PLAXIS with nail inclination of 15 o. c 

Slip Surface at failure for 60 o slope angle from PLAXIS with nail inclination of 30 o. Ref: 

Rawat S and Gupta AK, (2016) 
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4 Discussions 

Table 5. Comparison of Finite Element method and Limit Equilibrium Method 

 

Finite Element Method Limit Equilibrium Method 

1. Suitable for high complex geometry 

with degree of high realism 

1. Can compute the factor of safety for 

simple slope geometry with limit 

equilibrium method 

2. Can compute displacement and 

stresses that caused by the loading 

for 2D and 3D modes 

2.  Can only compute in 2D mode while 

ignoring the 3D modes. Assume the soil 

layers and parameters to be constant for 

the overall slopes.  

3. Can use to estimates the 

displacement and construction pore 

water pressure to adjacent structure 

3.   The soil mass is assumed to move as a 

rigid block, with the movement only 

taking place along the failure surface 

itself. Does not consider the changes in the 

pore water pressure with the adjacent 

structure.  

4. It is often difficult to anticipate 

failure modes, particularly if 

reinforcement or structural 

members such as geotextiles, 

concrete retaining walls, or sheet 

piles are included. 

4.    The geotextile, concrete retaining 

walls or sheet piles are not included. But 

the failure modes can be counted without 

the reinforcement.  

5. Can show how the stress strain and 

displacement of the soil when the 

soil nailing or structure member 

such as retaining wall are included 

in the Factor of Safety calculations.  

5.  Can calculate the Factor of Safety for 

circular and non- circular method 

5   Conclusions 

Based on the review of both methods, the conclusions that can be made are as follows: - 

 

1. 1. Compared to the Finite Element Method (FEM), the Limit Equilibrium Method 

(LEM) forecasts a higher Factor of Safety. For slopes analyzed using both LEM and 

FEM, the most stable slope is found to be at a 15° soil nail inclination with a 

horizontal. 

2. In the soil nailing load transmission mechanism, both LEM and FEM are able to 

forecast the limiting circumstances, such as the pulling-out capacity, tensile 

capacity, or facing capacity. 

3. The FEM analysis shows how the interface strength varies with Factor of Safety, 

but the LEM routine does not provide the interface strength. This could also be the 

cause of the differences between LEM and FEM analysis results. 

 

Overall conclusions, both FEM and LEM methods have advantages and disadvantages. These 

two methods give the precise results if both methods are combined. The analysis using the 

LEM to compute the factor of safety are further enhanced with the Finite Element using 

PLAXIS 3D in order to compute the stress strain displacement of the soil with added soil 

nailing or structure member such as retaining wall.  
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