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1. Introduction 
 

These days, a few significant infrastructure projects are 

developed in sloping territories, where the ground profile is 

not traditionally plane. Natural slopes are generally found to 

be curvilinear following the geomorphological process to 

ensure the constant factor of safety along the slope face 

(Rieke-Zapp and Nearing 2005, Schor and Gray 2007, Utili 

and Nova 2007, Gray 2013, Jeldes et al. 2015). Regardless 

of whether they are natural or human-made structures, the 

stability analysis of slopes needs to be executed carefully 

(Wasowski et al. 2011). In general, the stability of slopes 

can be examined utilizing different hypotheses proposed by 

a few researchers (Fellenius 1936, Taylor 1937, Bishop 

1955). However, these hypotheses are bound to static 

conditions.  

A few studies (Ghanbari et al. 2013, Erzın and Cetin 

2014, Terzi and Selcuk 2015, Nasiri et al. 2020) attempted 

to embrace the effect of earthquakes on slope stability  
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analysis. During an earthquake event, the soil mass is 

exposed to horizontal and vertical shaking due to the 

propagation of seismic waves through the soil body. 

Propagation of such waves through the soil medium induces 

horizontal and vertical seismic accelerations, thus altering 

the inertial forces and the accumulated displacements, if 

any, depending on the strength and deformation 

characteristics of the medium. Several approaches such as 

the pseudo-static approach (Erzın and Cetin 2014, Sahoo 

and Shukla 2019), the pseudo-dynamic approach (Qin and 

Chian 2018, Nandi et al. 2021a, b), the displacement-based 

approach (Newmark 1965, Makdisi and Seed 1978, 

Ghanbari et al. 2013, Yuan et al. 2016), and the dynamic 

time-history approach (Prisco et al. 2011, Lu et al. 2014, 

Terzi and Selcuk 2015, Abe et al. 2017, Nasiri et al. 2020) 

are commonly used to address the effect of seismicity. 

Among all the methods mentioned above, the pseudo-static 

approach is widely recognized for its simplicity and 

efficiency in the seismic design of geotechnical structures 

(Eurocode 8, IS 1893), where uniform horizontal (khg) and 

vertical (kvg) accelerations are considered throughout the 

soil domain. By representing a complex seismic 

phenomenon in the form of different uniform inertial forces 

throughout the soil domain, the pseudo-static approach aids 

engineers in solving various stability problems under 

seismic conditions.  
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Abstract.  A forecast of slope behavior during catastrophic events, such as earthquakes is crucial to recognize the risk of slope 

failure. This paper endeavors to eliminate the significant supposition of predefined slip surfaces in the slope stability analysis, 

which questions the relevance of simple conventional methods under seismic conditions. To overcome such limitations, a 

methodology dependent on the slip line hypothesis, which permits an automatic generation of slip surfaces, is embraced to trace 

the extreme slope face under static and seismic conditions. The effect of earthquakes is considered using the pseudo-static 

approach. The current outcomes developed from a parametric study endorse a non-linear slope surface as the extreme profile, 

which is in accordance with the geomorphological aspect of slopes. The proposed methodology is compared with the finite 

element limit analysis to ensure credibility. Through the design charts obtained from the current investigation, the stability of 

slopes can be assessed under seismic conditions. It can be observed that the extreme slope profile demands a flat configuration to 

endure the condition of the limiting equilibrium at a higher level of seismicity. However, a concurrent enhancement in the shear 

strength of the slope medium suppresses this tendency by offering greater resistance to the seismic inertial forces induced in the 

medium. Unlike the traditional linear slopes, the extreme slope profiles mostly exhibit a steeper layout over a significant part of 

the slope height, thus ensuring a more optimized solution to the slope stability problem. Further, the susceptibility of the 

Longnan slope failure in the Huining-Wudu seismic belt is predicted using the current plasticity approach, which is found to be 

in close agreement with a case study reported in the literature. Finally, the concept of equivalent single or multi-tiered planar 

slopes is explored through an example problem, which exhibits the appropriateness of the proposed non-linear slope geometry 

under actual field conditions. 
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The seismic analysis of retaining structures employing 

the pseudo-static approach was first demonstrated by Okabe 

(1926) and Mononobe and Matsuo (1929), and 

subsequently, it was popularized as the Mononobe-Okabe 

method. Different researchers (Terzaghi 1950, Majumdar 

1971, Sarma 1973, Choudhury et al. 2007, Leshchinsky et 

al. 2012, Sahoo and Shukla 2019) implemented the 

Mononobe-Okabe method to address the seismic stability of 

slopes. Later, to relax the conservativeness involved in the 

pseudo-static approach, the pseudo-dynamic approach (Qin 

and Chian 2018, Nandi et al. 2021a, b) was developed by 

employing the site-specific dynamic soil properties such as 

shear modulus, damping ratio, and ground amplification. 

The deformation criterion governs the stability condition for 

slopes made of sufficiently soft materials. In such materials, 

the displacement-based approach (Newmark 1965, Makdisi 

and Seed 1978, Ghanbari et al. 2013, Yuan et al. 2016) is 

found to be more appealing for the evaluation of the 

permanently accumulated slope displacement. Among 

various seismic methods, the time-domain dynamic analysis 

(Prisco et al. 2011, Lu et al. 2014, Terzi and Selcuk 2015, 

Abe et al. 2017, Nasiri et al. 2020) captures the effect of 

large and complex earthquake events quite well. However, 

an exhaustive seismic analysis for a small project using 

such a rigorous approach is seldom performed in practice 

due to the higher cost and computational effort involved in 

the analysis. Moreover, the results obtained from the 

advanced techniques are sensitive to the choice of 

constitutive models and suitable dynamic boundary 

conditions, which demand more rigorous mathematical and 

computational efforts.  

Since each seismic approach involves specific pros and 

cons based on some assumptions and idealizations, the 

feasibility of using these techniques in actual practice 

depends on various factors, such as the size of the project, 

the significance of the proposed structures, and the 

geological conditions of the site. By considering these facts, 

a simplistic approach for the seismic stability analysis of 

homogeneous slopes using the pseudo-static method is 

reported to be entirely legitimate by different researchers 

(Lee et al. 2017, Huang 2019). Besides, a comparative 

study by Yang et al. (2018) endorses a close agreement 

between the pseudo-static slope stability analysis using 

different design standards and the seismic time-history 

analysis. In addition, various design codes such as Eurocode 

8, IS 1893, and experimental investigations (Lee et al. 

2017, Huang 2019) also recommend the pseudo-static 

approach. Hence, the present investigation employs the 

classical pseudo-static approach to address the effect of 

earthquakes on slope stability analysis.  

In most of the traditional slope stability analyses stated 

above, a possible slip surface such as a linear, circular, or 

logarithmic spiral was assumed prior to the analysis and 

then optimized to obtain the minimum factor of safety 

(Florkiewicz and Kubzdela 2013) or maximum permanent 

deformation (Ghanbari et al. 2013). However, the 

presumption of such slip surfaces might not reflect an 

accurate representation, especially under seismic 

conditions. While investigating the critical slip surface in 

the analysis, different search techniques based on 

optimization algorithms such as particle swarm 

optimization method (Su and Shao 2021), variational 

method (Sarkar and Chakraborty 2019), genetic algorithm 

(Li et al. 2009) were implemented in literature. However, 

the efficacy of the aforesaid methods relies on the accuracy 

of optimizing the objective function subject to the control 

variables. The stability and suitability of each algorithm and 

the ability to converge and escape from multiple local 

minima majorly depend on the initial trial slip surface and 

its nature, which may be defined as the constraints in the 

analysis. The computation time also depends on the choice 

of the optimization algorithm. Moreover, such optimization 

techniques search for possible solutions based on a given 

set of constraints but do not guarantee the best (Cheng et al. 

2007). Simultaneously, to capture the actual slip surface and 

the deformation characteristics of slopes, a few 

investigations were conducted using more specific solution 

techniques such as FEM (Griffiths and Lane 1999, Li 2007, 

Khosravi et al. 2013). However, it is a fact that 

conventional FE analysis generally demands rigorous 

computational efforts to solve this class of problem without 

assuming any predefined slip surface. In contrast, the 

solution based on the slip line method, as proposed by 

Sokolovski (1960), can be an excellent choice to overcome 

the limitations associated with the rigorous optimization 

process and the computational efforts involved, even for the 

simple preliminary stability analysis. The inclusion of the 

slip line method in the analysis of various geotechnical 

stability problems (Sokolovski 1960, Kumar and Ghosh 

2007, Veiskarami et al. 2011, Keshavarz and Kumar 2017, 

Li et al. 2019, Nandi et al. 2021a, b) also ensured an 

automatic generation of the failure surface. Nandi et al. 

(2021a, b) addressed the limiting stability of finite soil 

slopes under seismic conditions using the slip line theory 

along with the pseudo-dynamic methods. A reliable 

prediction for the seismic performance of finite soil slopes 

was made by deriving the slope geometries at the onset of 

the limiting equilibrium, that is, the factor of safety (FS) = 

1.0. The concept of the extreme slope profile, thus proposed 

by Nandi et al. (2021a, b), superseded other conventional 

stability indices such as a factor of safety, critical 

earthquake acceleration, and limiting surcharge. The 

necessity of predefined slope geometries and failure 

surfaces was eliminated in the analysis. An efficient 

solution in the form of curvilinear slope faces was endowed 

in slope engineering. However, the mathematical rigor of 

the pseudo-dynamic methods involved in the analysis of 

Nandi et al. (2021a, b) often subdues the essence of the slip 

line theory. Hence, the efficacy of the slip line method 

combined with the simple but widely acclaimed pseudo-

static approach (Okabe 1926, Mononobe and Matsuo 1929, 

Eurocode 8, IS 1893) demands immediate attention from 

researchers. 

Consequently, the current investigation attempts to 

couple the slip line method with the pseudo-static approach 

for predicting the stability of slopes under seismic 

conditions. A numerical simulation of the extreme slope 

face was also performed using the finite element limit 

analysis (FELA) based software OptumG2 to reveal the 

authenticity of the proposed methodology. For a wide range  
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of soil parameters and seismic accelerations, the current 

outcomes through the extreme slope face can serve as the 

design charts for geotechnical engineers to ensure the 

stability of slopes. By identifying the zone of instability in 

slopes, the present investigation can likewise show the 

requirement for remedial measures such as slope 

stabilization. Further, it can be conceived that such a non-

linear slope face may be a substitute for traditional linear 

slopes from an economic perspective (Vahedifard et al. 

2016). The application of the design charts is demonstrated 

by following the analysis to make the proposed approach 

effective for various geotechnical projects. 

 

 

2. Definition of problem 
 

This study considers a finite soil slope of height h to 

carry a uniform surcharge q on the horizontal top surface 

(Fig. 1). The soil with cohesion c, angle of internal friction 

ϕ, and unit weight γ is under the dry condition and assumed 

to follow the Mohr-Coulomb failure criterion. The main 

objective is to search for the slope geometry considering the 

limiting condition under the static and the seismic loadings, 

that is, FS = 1.0. The stability analysis was carried out using 

the slip line method in association with the pseudo-static 

approach. 

 
 

3. Analysis 
 

Among various theories developed from the stress 

plasticity approach, the mathematical formulations 

proposed by Hill (1950) marked the evolution of the slip 

line theory for metals and other potential plastic materials. 

Subsequently, Sokolovski (1960) developed a solution 

procedure to solve the stability-related problems in 

geotechnical engineering. Later, Graham (1968) provided 

an improved and detailed iterative procedure for the slip 

line method, which was popularly demonstrated as the 

method of stress characteristics and used by several 

researchers (Veiskarami et al. 2011, Keshavarz and Kumar  

 

 

2017, Li et al. 2019) to solve various geotechnical 

problems. 

 
3.1 Governing equations 
 

A detailed description of this method and the solution 

procedure were already discussed by previous researchers 

(Graham 1968, Cheng and Au 2005, Peng and Chen 2013, 

Nandi et al. 2021a, b). However, a brief discussion on the 

slip line formulation is included here for the sake of its 

entirety. For a cohesive-frictional soil medium obeying the 

Mohr-Coulomb yield criterion, the state of stress at any 

point lying under the plastic equilibrium can be expressed 

as (Fig. 1), 

   cot2cossin1 cx   (1a) 

   cot2cossin1 cy   (1b) 

 2sinsinxy
 (1c) 

where σ is the distance between the centre of the Mohr 

circle and the point where the Coulomb failure envelope 

crosses the normal stress axis on the Mohr-stress diagram, 

and θ is the angle between the direction of the major 

principal stress and the positive x-axis with a counter-

clockwise sense of rotation taken as positive, as shown in 

Fig. 1. 

By imposing homogeneity and isotropy in the medium, 

the equilibrium equations under the plane strain condition 

can be written as 

 v

xyx k
yx
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where kh and kv are the non-dimensional earthquake 

acceleration coefficients obtained by normalizing the  

 
Fig. 1 Collapse mechanism and state of stress 
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horizontal (khg) and the vertical (kvg) seismic accelerations 

with the acceleration due to gravity (g).  

A pair of first-order quasi-linear differential equations 

can be derived by employing the Mohr-Coulomb yield 

criterion in Eq. (2). Following Sokolovski (1960), a solution 

for these quasi-linear equations can be obtained by 

generating the following set of ordinary differential 

equations, Eqs. (3(a)) and (3(b)) along (θ – μ) and (θ + μ) 

slip lines, respectively. 

  a
dx

d

dx

dy



 ;tan  (3a) 
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σ0 is the characteristic stress, which can be any predefined 

value with the dimension of stress, and hence, it is chosen 

as the soil cohesion in this study. 

 

3.2 Boundary conditions 
 

Being a known boundary, the state of stress along the 

top surface (OG) is fully known (Fig. 1). Hence, the 

magnitude of θ and σ along OG (θt and σt) can be obtained 

as 



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
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Similarly, the magnitude of σ along the stress-free slope 

surface (OA) i.e., σs can be obtained as 

 



sin1

cot




c
s

 (5a) 

Since the major principal stress at any point on the slope 

surface should act along the tangent at that point, the 

magnitude of θ along OA (θs) can be expressed as 

s
dx

dy
tan  (5b) 

 

3.3 Extreme slope face 
 

From Eqs. (4(b)) and (5(a)), it can be conceived that 

there exists a stress singularity at the slope crest (O) and 

hence, the magnitude of η becomes constant at O. By 

considering the constant nature of η at O, the magnitude of 

θs at O can be obtained as 

t

t

s
s 




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








 ln

2

cot  (6) 

To avoid the stress discontinuity and maintain the 

numerical stability in the computation, the current analysis 

considers a minimum surcharge q applied on the top surface 

OG, which should satisfy the following inequality 

condition. 

 
  v

t

k

c
q






1sin1

2cos1cos



  (7) 

The state of stress on the top surface is fully known by 

satisfying the available boundary conditions. Besides, it can 

be understood from Eqs. (5(a))-(5(b)) that the magnitude of 

θs varies along the stress-free slope face. Hence, the slip 

lines emerging from the top surface (OG) proceed towards 

the slope face (OA) using a finite difference scheme as 

described by Sokolovski (1960) and Kumar and Ghosh 

(2007), which eventually establish the extreme geometry of 

slopes with FS = 1.0 under both static and seismic 

conditions. 

 

 

4. Results 
 

Unlike other traditional methods, the present analysis 

looks for the extreme slope face for given soil properties, 

surcharge loading, and seismic accelerations. Computer 

code was developed in MATLAB to perform the present 

numerical analysis for a range of parameters such as ϕ = 

25° to 45°, c/γh = 0.075 to 0.15, kh = 0 to 0.3, and kv = (–

0.5kh) to kh. 

 

4.1 Stability charts 
 

The extreme slope faces developed for a range of input 

parameters such as kh, ϕ, c/γh, and q/γh are presented in 

Figs. 2 and 3. It can be observed that the extreme profile of 

slopes tends to be flattened with an increase in horizontal 

seismic acceleration. However, from Figs. 2 and 3, it can be 

realized that slopes can adopt steeper configurations 

through the enhancement of the shear strength parameters 

of soil (c and ϕ). Hence, the charts depicted in Figs. 2 and 3 

can be utilized to assess the stability of existing or proposed 

slopes. In addition to the stability analysis, these charts may 

provide important information about more economical slope 

geometry, such as curvilinear or bi-linear slope faces.  

 

4.2 Effect of direction of seismic accelerations 
 

It is worth noting that during a seismic investigation, the 

direction of the horizontal and the vertical accelerations 

mainly depends on the critical condition. From the law of 

mechanics, it tends to be perceived that slopes are more 

vulnerable when the horizontal seismic acceleration acts 

towards the slope face, with the vertical seismic 

acceleration acting downward. Conversely, Kolathayar and 
Ghosh (2009) reported that the upward direction of the 

vertical seismic acceleration sometimes became critical.   
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Hence, in the present investigation, a parametric study was 

conducted to search for the critical direction of the vertical 

seismic acceleration. The effect of kh and kv on the extreme 

geometry of slopes is presented in Figs. 4 and 5, 

respectively. It can be observed from Fig. 4 that the 

horizontal seismic acceleration (kh) severely affects the 

geometry of slopes. In Fig. 5, the extreme slope geometry is 

found to be flat throughout the slope face as kv is assumed  

 

 

 

to act downward with kh varying from 0 to 0.2. However, at 

kh = 0.3 and beyond x/h = 0.7, the critical direction of the 

vertical seismic acceleration shifts from downward to 

upward. Hence, it can be conceived that the critical 

direction of kv may assume the upward direction at a higher 

seismicity level (kh > 0.3) as reported by previous 

researchers (Greco 2008, Kolathayar and Ghosh 2009). 

From Fig. 5, it can also be noted that the effect of the  

  
(a) (b) 

  
(c) (d) 

Fig. 2 Extreme slope faces for different values of  with c/γh = 0.075, q/γh = 0.4, kv = 0.5kh: (a) kh = 0, (b) kh = 0.1, (c) kh = 

0.2; and (d) kh = 0.3 

  
(a) (b) 

  
(c) (d) 

Fig. 3 Extreme slope faces for different values of  with c/γh = 0.15, q/γh = 0.8, kv = 0.5kh: (a) kh = 0, (b) kh = 0.1, (c) kh = 

0.2; and (d) kh = 0.3 
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Fig. 4 Variation of extreme slope face at different values 

of kh with ϕ = 35°, c/γh = 0.1, q/γh = 0.6 

 

 

(a) 

 

(b) 

 

(c) 

Fig. 5 Variation of extreme slope face at different values 

kv with ϕ = 35°, c/γh = 0.1, q/γh = 0.6 (a) kh = 0.1, (b) kh = 

0.2; and (c) kh = 0.3 

 

 

direction of kv on the slope configuration turns out to be 

nominal. This might be a reason to neglect the effect of kv in 

earlier studies (Majumdar 1971, Sarma 1973, Erzın and 

Cetin 2014). Nevertheless, the present design charts (Figs. 2 

and 3) are generated considering kv in the downward 

direction with a magnitude of 0.5kh. 

 

4.3 Slip surfaces and stress contours 
 

With the known state of stress developed within the 

plastic domain, the slip surface and the stress contour for 

slopes can be traced in the current analysis. From Fig. 6, it 

can be observed that the size of the plastic domain increases 

with an increase in the magnitude of kh, which may be 

attributed to the greater seismic inertial forces. It is 

imperative to specify that the slip surface (AG) obtained 

from the analysis is neither linear nor circular. Instead, the 

shape of the curve is automatically evolved from the slip 

line solution. In addition, the stress mobilization in the 

plastic domain under static and seismic conditions is 

presented through the normalized stress contours in Fig. 6. 

It can be noticed from Fig. 6 that the stability of the extreme 

slope face is established through a gradual decrease in the 

magnitude of σ/γh from the slip surface to the stress-free 

slope face. 

 

 

5. Comparison 
 

The majority of the available theories emphasized the 

seismic stability of slopes with a given geometry in terms of 

either FS, limiting surcharge, or yield acceleration. 

However, the present methodology advocates for the 

extreme slope face as the stability index for a given set of 

soil properties. Hence, a direct comparison is difficult to 

obtain. Nonetheless, a qualitative comparison was 

conducted by searching for extreme slope faces for the 

limiting surcharge and the limit-state shear strength 

parameters of the soil, as recommended by Qin and Chian 

(2018) and Cui et al. (2022), respectively. It is worth 

mentioning that Qin and Chian (2018) performed the 

investigation using the upper-bound limit analysis, whereas 

Cui et al. (2022) utilized the limit equilibrium analysis. For 

the input parameters adopted by Qin and Chian (2018) and 

Cui et al. (2022), the extreme slope geometries are 

produced using the present concept, as shown in Figs. 7 and 

8. In Figs. 7 and 8, the linear slope profiles of Qin and 

Chian (2018) and Cui et al. (2022) with a horizontal 

inclination () of 50° and 45°, respectively are generally 

found to be conservative (flat slope) compared to the 

present extreme curvilinear slope configurations. 

A case study on the seismic stability of the III zone of 

the Longnan slope (Qian and Zou 2022) is considered to 

validate the current methodology. The Longnan slope is 

located in the Huining-Wudu seismic belt adjacent to the 

Songpan-Pingwu seismic belt in China. By determining the 

critical FS, Qian and Zou (2022) forecasted a potential 

Longnan slope collapse under the Wenchuan earthquakes 

(2008) using the three-dimensional upper-bound limit 

analysis alongside the modified pseudo-dynamic approach. 

In Fig. 9, an attempt is made to derive the extreme 

geometries of the Longnan slope under static and seismic 

conditions using the inputs adopted by Qian and Zou 

(2022). Qian and Zou (2022) classified the Wenchuan  
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earthquakes into low-level, medium-level, and high-level 

earthquakes by considering the seismic intensity. The 

pseudo-static acceleration coefficients corresponding to the 

aforesaid seismic levels, as mentioned in Fig. 9, can be 

found in Zhou and Cheng (2014). From a qualitative 

comparison shown in Fig. 9(a), the Longnan slope ( = 55°) 

matches closely with the derived extreme slope face (FS = 

1.0) and is found to be marginally stable. This is in line with 

the critical FS value of 1.0351 as determined by Qian and 

Zou (2022) under static conditions. However, as the seismic 

intensity level increases (Figs. 9(b)-9(d)), the extreme slope 

 

 

 

faces acquire a flat configuration compared to the Longnan 

slope ( = 55°) due to increased seismic inertial forces 

induced in the medium. Consequently, the Longnan slope 

no longer satisfies the condition of the limiting stability (FS 

= 1.0). Instead, it becomes susceptible to failure, as Qian 

and Zou (2022) predicted for low-level, medium-level, and 

high-level earthquakes with the critical FS of 0.6541, 

0.2754, and 0.1933, respectively. Thus, despite the 

simplicity of the present method, a qualitative but reliable 

assessment of the seismic slope stability can be achieved 

without an exhaustive computational effort. 

  

(a) 

 
 

(b) 
Fig. 6 Slip surfaces and stress contours for slope with ϕ = 35°, c/γh = 0.1, q/γh = 0.6, kv = 0.5kh: (a) static condition; and (b)

seismic condition 

  

(a) (b) 

Fig. 7 Comparison of present slope surfaces with the linear slopes of Qin and Chian (2018) for ϕ = 20°, c/γh = 0.14, kv = 

0.5kh: (a) static condition; and (b) seismic condition 
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Further, the proposed slip line-based methodology is 

compared with the results obtained from OptumG2, a 
commercially available finite element limit analysis (FELA) 
software (Krabbenhoft et al. 2015). The input parameters 
adopted for the comparison are summarized in Table 1. For 
the input parameters given in Table 1, the extreme slope 
face obtained from the present slip line approach was 
modeled with OptumG2. The inbuilt adaptive mesh 
refinement option available in OptumG2 was utilized to 

 

 
 
characterize the effect of a mesh configuration, as shown in 
Fig. 10(a). A representative shear dissipation pattern for the 
derived slope under seismic conditions (kh = 0.1) is shown 
in Fig. 10(b). Further, the magnitudes of FS for the slope 
profiles derived from the slip line method under different 
seismic conditions are determined using OptumG2, and the 
results are tabulated in Table 2. It can be seen from Table 2 
that the FELA solutions obtained from OptumG2 converge 
with the limiting FS ensured by the present slip line  

  
(a) (b) 

  
(c) (d) 

Fig. 8 Comparison of present slope surfaces with the linear slopes of Cui et al. (2022): (a) kh = 0.05, (b) kh = 0.10, (c) kh = 

0.15; and (d) kh = 0.20 

  
(a) (b) 

  
(c) (d) 

Fig. 9 Comparison of present slope surfaces with the Longnan slope (Qian and Zou 2022) for ϕ = 38°, c/γh = 0.04, q/γh = 

0.15: (a) no earthquake condition (kh = 0, kv = 0), (b) low seismic level condition (kh = 0.20, kv = 0.24), (c) medium seismic 

level condition (kh = 0.31, kv = 0.35); and (d) high seismic level condition (kh = 0.48, kv = 0.56) 
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approach. 

Since a direct comparison seems difficult from two 

different slope configurations, the extent of variation is 

measured in terms of root mean square deviation (RMSD) 

for N number of data points along the slope face, using Eq. 

(8). 

 

N

yy

RMSD

N

i

lici




 1

2

 
(8) 

where (xi , yci) and (xi , yli) are the Cartesian coordinates of 

the ith data point along the extreme slope face and the 

known linear slope configuration, respectively, as shown in 

Fig. 11.  

In this comparison, an RMSD of 0.06 to 0.10 can be 

observed between the derived slope geometries and the 

linear slope configurations ( = 50° and 45°) analyzed by 

Qin and Chian (2018) and Cui et al. (2022). This may be 

attributed to the fact that the results based on the slip line  

 

Table 1 Input parameters considered in the analysis 

Parameters  

Modulus of elasticity E 

(MPa) 
30 

Poisson ratio υ 0.25 

Friction angle ϕ (o) 35 

Cohesion c (kPa) 13.5 

Unit weight γ (kN/m3) 18 

Slope height h (m) 10 

Horizontal seismic 

coefficient kh 
0 – 0.3 

Vertical seismic coefficient kv 0.5kh 

Uniform surcharge q (kPa) 72 

Material model 
Mohr-Coulomb yield criterion with 

associative flow rule 

 

 

method are generally seen to fall between the lower and the 

upper bound solutions, and the partial fulfilment of the  

 

(a) 
 

 
  

(b) 

Fig. 10 (a) Typical FELA mesh using OptumG2 and (b) shear dissipation for the derived slope profile at kh = 0.1 

qk
h
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Table 2 Comparison of present slip line method with finite 

element limit analysis 

 

 

limiting surcharge condition specified in Eq. (7) gets 

ensured. Additionally, Cui et al. (2022) presumed the failure 

surface to be circular while deriving the stability charts in 

the presence of seismic impact. Though there exists a 

marginal difference in the magnitude of q/γh considered in 

the comparison, it can be qualitatively noted from Fig. 7(b) 

that a portion of the linear slope considered by Qin and 

Chian (2018) turns out to be unsafe beyond x/h = 0.83, that 

is, flat compared to the extreme slope face prescribed by the 

slip line method.  

 

 
6. Applications 
 

The evaluated extreme slope face can be seen as  

 

 

 

curvilinear. However, the implementation of such 

curvilinear slope profiles seems problematic in practice. 

Hence, this section discusses the possible application of the 

present analysis to assess the stability of new and existing 

slopes.  

 

 Design guidelines for new slopes to be constructed  

The extreme slope face computed in this study serves as 

a demarcation between the zone of stability and instability. 

Obviously, for the given soil properties and seismic 

conditions, the proposed slope profile on the flat side (left 

side) of the derived extreme slope face ensures a stable 

configuration and vice-versa. Hence, by keeping this in 

mind, geotechnical engineers can proceed with any other  

slope configuration such as bi-linear or multi-linear (Fig. 

12), which can provide an economically viable solution 

without compromising stability. Based on the input 

parameters given in Table 1, the present curvilinear slope 

profile can be modeled as equivalent linear or bi-linear 

geometry, as shown in Fig. 13. It is worth mentioning that 

the equivalent linear and bi-linear slope profiles shown in 

Fig. 13(a) were modeled in OptumG2, and the 

corresponding FS values were 1.002 and 1.011, 

respectively. Similarly, the slope geometry can further be 

optimized with a multi-linear slope. Hence, practicing 

engineers can effectively use the concept of a multi-linear 

slope profile along with the proposed design charts (Figs. 2 

and 3) to optimize the slope profile. 

 
Fig. 11 Comparison of extreme slope face with linear slope using RMSD 

 

 
Fig. 12 Possible applications of derived slope geometry in practice 
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 Indicator to take preventive measures for existing 

slopes 
Since the derived extreme slope profile acts as the 

benchmark to identify the weaker zone in a slope, indicating  
the need for stabilization over the specific portions of the 
slope. By comparing the existing slope configuration with  

 

 

the derived extreme slope face, the zone of instability can 

be identified, as demonstrated in Fig. 14. By adopting 

suitable slope strengthening techniques such as placing the 

reinforcement in the zone of instability, the stability of 

slopes can be regained. 

 

 
 

(a) 
 

 

(b) 
 

 
(c) 

Fig. 13 FE limit analysis of linear and bi-linear slopes: (a) derivation of equivalent linear and bi-linear slopes from 

curvilinear slope, (b) shear dissipation for equivalent linear slope; and (c) shear dissipation for equivalent bi-linear slope 
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7. Conclusions 
 

The extreme slope face is obtained under seismic 

conditions by employing the slip line method in association 

with the pseudo-static approach. No predefined slip surface 

is assumed in the analysis. Despite a rigorous mathematical 

formulation, the present methodology does not demand any 

optimization study to determine the minimum FS as 

adopted in other classical approaches, such as the limit 

equilibrium and the limit analysis methods. The current 

approach provides a reliable and convincing estimate for 

assessing the seismic slope stability through validation with 

the rigorous finite element limit analysis. Along with a brief 

parametric study, the extreme slope face design charts are 

provided for a range of c-ϕ soils under different loading 

conditions. Such design charts can be helpful to practicing 

engineers in assessing the stability of existing slopes 

qualitatively and taking necessary remedial measures. This 

study advocates for the slope design with multi-linear slope 

geometry to achieve a more economical and stable profile. 
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