
Introduction

Land sliding problem exists throughout the world 
especially in hilly areas. Many people have lost their 
lives and gets injured due to this issue. There are many 
examples of land sliding in the history which caused 
a very huge damage to human lives, houses, roads 
and other areas of economic importance. In Italy on 
October 09, 1963 a landslide that slid into the reservoir 

behind the Vajont dam, which was responsible for 
approximately 2000 victims in the surrounding area 
[1]. Petley [2] enlisted 2,620 non-seismically triggered 
landslides that caused 32,322 fatalities all over the 
world between 2004 and 2010.

Keeping this problem in considerations, many 
researchers worked on the causes of land sliding and 
provided many solutions for overcoming this problem. 
Javankhoshdel discussed the factor of safety for 
cohesive soils to develop charts for estimating the factor 
of safety [3].

However it is observed that due to the variation 
of soil properties from place to place, the factor of 
safety may differ too. Therefore, it needs to be studied 

Pol. J. Environ. Stud. Vol. 30, No. 5 (2021), 4021-4030

              Original Research              

Slope Stability Analysis to Develop Correlations 
between Different Soil Parameters and Factor 

of Safety Using Regression Analysis  
 
 

Muhammad Israr Khan, Shuhong Wang*

School of Resources and Civil Engineering, Northeastern University, 110819, Shenyang, China
 

Received: 3 October 2020
Accepted: 5 December 2020

Abstract

This paper generally deals with the slope stability analysis of soil and an easy way to stabilize  
the slope to achieve high shear strength. Correlations between Factor of Safety (FS) and soil parameters 
i.e. cohesion, friction and unit weight are developed in this paper. Correlations among factor of safeties 
in natural, stepped and nailed form are also developed using linear regression analysis. Soil is not  
a homogeneous material and its properties are changing in different conditions and in different places. 
In case of slopes, there are many ways to stabilize it by nailing or stepping techniques. In this paper, 
both these methods are investigated in detail and compared to each other to know that which method 
gives better result.  The graphs which shows the percent improvement of safety value are provided in 
the result section. This paper is providing a summary of the slopes safety issues having different soil 
properties. A software namely Slide is used for Limit Equilibrium (LE) analysis of the pre-defined soil 
slope model. For correlations, MS Excel and SPSS software are used. The correlations equations are 
provided in the results section.

Keywords: correlations, factor of safety, nailing, stepping, slope stability analysis, slide

*e-mail: wangshuhong@mail.neu.edu.cn

DOI: 10.15244/pjoes/131203 ONLINE PUBLICATION DATE: 2021-06-01



Khan M.I., Wang S.4022

and stabilized according to the specific site condition.  
The two best ways to stabilize any slope is:
 – Insert nails inside the slope called Nailing.
 – Make the slope in step form called Stepping.

Proper soil nailing technique was first introduced in 
France. In case of nailing, previous studies show that 
the results in Limit Equilibrium Method are dependent 
on the nail and bond length. Slopes having longer nail 
length are more stable [4]. Similarly due to the presence 
of soil nails, the continuous slip plane is prevented. 
The stresses in the nails are mobilized through the soil 
nail interaction. The earth pressure generated from the 
potential sliding area is transferred to the soil nails by 
the soil nail heads [5]. The various schemes for slope 
reinforcement using anchor cable (bolt) shows that a 
better reinforcement effect can be achieved when more 
reinforcement is applied to the position characterized 
by high stress level of sliding zone [6]. Soil nailing 
is an accepted, economical, top down construction 
technique that increases the overall shear strength of 
unsupported soils in situ through the installation of 
closely spaced reinforcing bars (nails) into the soil/
rock [7]. Shanmugapriya concluded that for soil slope 
with steepness of 30°, 45° and 60°, the best factor of 
safety found with soil nail inclination (to the horizontal) 
of 60°, 50° and 40° respectively [8]. Other researchers 
also worked from different aspects using soil nailing 
technique. All these methods are based on stabilizing 
the slope through nailing technique which is expensive 
compare to stepping technique. Although the factor 
of safety achieved by both these methods is not very 
different in many cases. 

A comparative study is done in this paper for 
all the three forms i.e. natural, stepping and nailing 
condition. This paper provides the overall summary and 
comparison between the factor of safeties in all three 
conditions.

Most of the previous researchers worked on 
specific soil type and one way of stabilizing the soil 
was considered. In this paper, the Factor of safety for 
a predefined slope is checked in three different ways 
such as natural form, stepping form and nailed form 
to know the percent improvement in factor of safety as 
well as the shear strength of soil. These three methods 
are compared to each other in graphical form. The 
shear strength graphs are also provided in this paper 
which clearly shows the percent improvement of the 
shear strength with the stepping and nailing techniques. 
Graphs are also provided which shows the comparison 
of factor of safety in natural, stepping and nailed 
conditions. 

Correlations among the factor of safety values with 
the variation of cohesion, friction and unit weight are 
developed. Also correlations among factor of safety in 
natural, stepped and nailed form are developed.

Thus the results achieved in this paper are:
1. Correlations between soil parameters in different 

conditions.
2. Variation in shear strengths in graphical form.

3. Variation in Factor of Safeties value in graphical 
form.

Materials and Methods 

All the parameters such as cohesion, friction are 
providing the shear resistance to failure and the shear 
strength. Clay and clayey sand were considered in this 
research and silty material is not taken into account 
as correlations are not available for making reliable 
estimates of the undrained shear strength of silt [9]. 
Table 1 shows the material properties used in this paper. 
These are the material properties of local Chinese soil.

For slope stability analysis, normally conventional 
or slices methods is used to get the factor of safety 
for slopes. For instance, in 1955, Bishop proposed 
the modified Bishop method, an effective and simple 
method to analyze circular slip surfaces. In this method, 
the factor of safety is defined as the potential sliding 
along a failure surface. The Bishop simplified method 
satisfies vertical force equilibrium equations for every 
slice and the overall moment equilibrium equations 
about the center point of the trial circular surface.  

Table 1. Material properties.

Material 
Number

Cohesion 
(KPa)

Friction 
(ɸ)

Unit 
Weight 

(KN/m3)
Material Type

1 10 27 13 Clay

2 11 28 13.6 Clay

3 12 29 14.2 Clay

4 13 30 14.8 Clay

5 14 31 15.4 Clay

6 15 32 16 Clay

7 16 33 16.6 Clay

8 17 34 17.2 Clay

9 18 35 17.8 Clay

10 19 36 18.4 Clay

11 1 25 16.366 Clayey Sand

12 2 26 16.464 Clayey Sand

13 3 27 16.562 Clayey Sand

14 4 28 16.758 Clayey Sand

15 5 29 16.856 Clayey Sand

16 6 30 16.954 Clayey Sand

17 7 31 17.052 Clayey Sand

18 8 32 17.15 Clayey Sand

19 9 33 17.248 Clayey Sand

20 10 34 17.346 Clayey Sand
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The horizontal forces are not considered at every slice, 
the Bishop simplified method also assumes zero inter-
slice shear forces. This method is simple and gives 
value for factor of safety very near to any finite element 
method. It is therefore applicable to a wide range of 
practical problems. Fig. 1 shows the slices assumed in 
this method. All forces acting on the slice are mentioned 
in it.

In Bishop simplified method, the final equation for 
the slope factor of safety after all the assumptions is:

            (1)

   (2)

     (3)

               (4)

Methodology, Modelling and Analysis 
Using Slide

Most of the researchers used Strength reduction 
method for slope stability analysis as observed in the 
literature review [10,11]. This method is also known as 
ɸ - c reduction method. This method is also very useful 
in computing the pseudo-static analysis especially for 
cohesive materials [12]. This technique is widely used 
in major geotechnical softwares. The same method is 

used for analysis in this paper. Slide is a software used 
for Limit equilibrium analysis of slopes. Slide software 
is used to get results using different methods such as 
Bishop simplified, Janbu simplified, Janbu corrected, 
Fellenius, Spencer, Morgenstern-Price and Lowe-
Karafiath etc. In this paper, Bishop simplified, Janbu, 
Spencer and Fellenius methods are considered out of 
which Fellenius method is preferred for the factor of 

Fig. 1. Assumed slice layout and forces acting on it.
Where: 
F = factor of safety = C+N/ tanɸ,    Sa = Strength available
Sm = Strength mobilized   b = slice width
N/ = Effective normal force   Q = external surcharge
hL = Height of force ZL   hR = Height of force ZR
α = base slice inclination   β = top slice inclination
δ = surcharge inclination   hc = slice centroid height
θL = force angle (left inter-slice)  θR = force angle (right inter-slice)
W = slice weight    Uα = pore water pressure
Uβ = surface water force   Kv = seismic coefficient (Vertical) 
Kh = seismic coefficient (Horizontal)

Fig. 2. Paper flowchart.
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safety achieved as it gives the least value for the factor 
of safety. The methodology flowchart of this paper is 
shown in Fig. 2.

Slope Model

Table 2 shows the coordinates of the soil slope 
model.

Figs 3, 4 and 5 shows the slope model considered in 
natural, stepped and nailed form.

The anchored capacity of each nail was 100KN and 
it is end anchored nail type material. The length of nail 
was kept in a range of 3 m to 8 m. Figs 6, 7 and 8 shows 
the overall Shear strength achieved in natural, stepped 
and nailed form respectively.

Table 2. Slope coordinates.

X Y

0 0

27 0

27 5

16 5

10 16

0 16

Fig. 3. Slope model in Natural form.

Fig. 4. Slope model in Stepped form.

Fig. 5. Slope model in Nailed state.

Fig. 6. Overall shear strength in case of natural slope for M 1, 
10, 11 and 20.

Fig. 7. Overall shear strength in case of stepped slope for M 1, 
10, 11 and 20.

Fig. 8. Overall shear strength in case of nailed form for M 1, 10, 
11 and 20.
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Table 3 shows the factor of safety values achieved 
for all the three condition during this analysis.

Maximum shear strength graphs are plotted for 
3m and 8m only. It is clear from table 3 that in case 
of increasing the nail length, the factor of safety also 
increased. In case of material 1, the factor of safety  
is increased from 1.091 (unsafe) to 1.545 (safe).  
Similarly in all other cases, the factor of safety is 
increased up to much extent. Compare to clay, the 
factor of safety in case of clayey sand is not increased 
that much. It is because if the cohesion in soil gets 
decreased, the slope as a whole is not acting like one 
body. 

Results and Discussions

To study the stability prediction of Letlhakane 
mine, Kayesa [13] used the geomos slope monitoring 
system. The geomos slope monitoring system is a 
continuous and automatic system which runs for 24 
hours. Evolutionary Polynomial Technique (EPR) was 
developed by Ahangar-Asr et al. [14] to predict the FS. 
This model was very useful in predicting the behavior 
of slopes. For analyzing FS, Mohamed et al. [15, 16] 
used Geo Studio and compared with the fuzzy logic 

system. The results were found very close to the target. 
Erzin and Cetin [17] used artificial neutral network and 
multiple linear regression to calculate the FS in case of 
a typical artificial slope. This slope was also subjected 
to seismic forces. The predicted results showed that the 
results were highly precise. Chae et al. [18] developed 
equations considering the depth ratio in case of 
rainfall induced slopes. The results were compared 
with the previous steady state hydrological model and 
landslide inventory graphs, they concluded that the 
predicted approach gives very satisfactory results. 
Using the theory of mass approach, Firmansyah et al. 
[19] predicted the run out distance of rotational type 
slope. They concluded that the unit weight plays a very 
important role in the factor of safety issues. Many other 
researchers recently provided many other techniques 
to know about the land sliding phenomena [20-30].  
In this paper, the correlations are developed to predict 
the factor of safety in stepped and nailed form.  
The significant level of the results is that these 
correlations could be used to predict the safety of slope 
in advance. Before failure of any slope, it could be 
checked that how much this slope is safe. It includes all 
types of earthen slopes such as dams or slopes in hilly 
areas.

Table 3. FS in all the three cases.

Material Number FS (Natural) FS (Stepped) FS (3m Nailed) FS (8m Nailed)

1 0.953 1.097 1.091 1.545

2 0.998 1.149 1.142 1.609

3 1.042 1.199 1.192 1.673

4 1.084 1.248 1.24 1.736

5 1.125 1.296 1.288 1.799

6 1.165 1.342 1.334 1.845

7 1.204 1.388 1.38 1.889

8 1.242 1.433 1.425 1.932

9 1.28 1.478 1.471 1.975

10 1.317 1.522 1.515 2.017

11 0.372 0.361 0.598 0.763

12 0.456 0.537 0.661 0.922

13 0.529 0.643 0.725 1.006

14 0.596 0.737 0.787 1.086

15 0.66 0.809 0.85 1.169

16 0.723 0.881 0.914 1.252

17 0.786 0.951 0.977 1.336

18 0.849 1.018 1.041 1.419

19 0.912 1.085 1.105 1.503

20 0.973 1.152 1.169 1.586
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Correlations between Factor of Safety 
and Soil Parameters

One of the main outcome of this paper is the 
development of correlations between factor of safety 
with varying the values of cohesion, friction and unit 
weight separately. Cohesion and friction are the main 
parameters used in soil stability analysis and many 
researchers work on it from different aspects [31]. 
The correlation equations are developed separately for 
natural form, stepped form and nailed form. Table 4 
shows the correlation equations.

Correlations between Factor of Safeties in Case 
of Natural, Stepped and Nailed Slope

The correlations are developed using SPSS software. 
There are four different types of correlations, such  
as:

 – Correlation in which natural factor of safety is 
considered as dependent variable while stepped and 
nailed (3 m and 8 m) are considered as independent 
variables.
Table 5 shows the coefficients generated by SPSS 

and equation 14 is the correlation in which natural 
factor of safety is dependent variable while stepped and 
nailed (3 m and 8 m) are dependent variable for same 
slope.

FSNatural = - 0.237 - 0.037 (FSStepped) 
+ 0.216 (FS3m nailed) + 0.634 (FS8m nailed)        (14)

 – Correlation in which stepped factor of safety is 
considered as dependent variable while natural and 
nailed (3 m and 8 m) are considered as independent 
variables.
The correlation is as follows:

Table 4. Correlations in Natural, Stepped and Nailed form.

Natural

Cohesion Variation FS = 0.0443 c + 0.5154     R² = 0.99 (5)

Friction Variation FS = 0.0215φ + 0.3697     R² = 0.99 (6)

Unit weight Variation FS = -0.0222γ + 1.2242     R² = 0.98 (7)

Stepped

Cohesion Variation FS = 0.0476 c + 0.623      R² = 1 (8)

Friction Variation FS = 0.0278φ + 0.3431     R² = 0.99 (9)

Unit weight Variation FS = -0.0233γ + 1.3851      R² = 0.98 (10)

Nailed

Cohesion Variation FS = 0.0367 c + 0.9578     R² = 1 (11)

Friction Variation FS = 0.0452 φ + 0.098     R² = 0.99 (12)

Unit weight Variation FS = -0.0273 γ + 1.6795     R² = 0.99 (13)

...where:
FS is Factor of Safety
c is cohesion
φ is friction
γ is unit weight
R² is the percentage variation coefficient

Table 5. SPSS details of coefficients in case natural factor of safety is dependent variable.

Model
Unstandardized 

Coefficients
Standardized 
Coefficients t Sig.

95.0% Confidence Interval 
for B

B Std. Error Beta Lower Bound Upper Bound

Constant -0.237 0.017 -13.579 0.000 -0.274 -0.200

FS Stepped -0.037 0.068 -0.043 -0.550 0.590 -0.182 0.107

FS in Case of Nailed Slope (3 m) 0.216 0.076 0.208 2.859 0.011 0.056 0.377

FS in Case of Nailed Slope (8 m) 0.634 0.078 0.835 8.087 0.000 0.468 0.801
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FSStepped = - 0.347 - 0.495 (FSNatural) 
+ 0.173 (FS3m nailed) + 1.116 (FS8m nailed)       (15)

 – Correlation in which nailed (3m) factor of safety 
is considered as dependent variable while natural 
and stepped factor of safeties are considered as 
independent variables.

FS3m Nailed = 0.378 + 1.563 (FSNatural) 
+ 0.094 (FSStepped) – 0.539 (FS8m nailed)       (16)

 – Correlation in which nailed (8m) factor of safety 
is considered as dependent variable while natural 
and stepped factor of safeties are considered as 
independent variables.
The correlation is as follows:

FS8m Nailed = 0.330 + 1.267 (FSNatural) + 0.168 (FSStepped) 
– 0.149 (FS3m nailed)                    (17)

Correlations between Two Variables

From same data available in table 3, correlations 
between two variables are also generated, which are 
given below one by one:

 – Correlation in which natural factor of safety 
is dependent and stepped factor of Safety is 
independent variable.

FSNatural = - 0.017 + 0.873 (FSStepped)      (18)

 – Correlation in which natural factor of safety is 
dependent and nailed (3 m) factor of Safety is 
independent variable.

FSNatural = - 0.221 + 1.036 (FS3m nailed)      (19)

 – Correlation in which natural factor of safety is 
dependent and nailed (8m) factor of Safety is 
independent variable.

FSNatural = - 0.229 + 0.760 (FS8m nailed)    (20)

 – Correlation in which stepped factor of safety is 
dependent and nailed (3m) factor of Safety is 
independent variable.

FSStepped = - 0.224 + 1.178 (FS3m nailed)     (21)

 – Correlation in which stepped factor of safety is 
dependent and nailed (8 m) factor of Safety is 
independent variable.

FSStepped = - 0.234 + 0.865 (FS8m nailed)      (22)

Equation 5 to equation 13 are correlations between 
factor of safety and soil parameters while equation 14 to 
22 are correlations between factor of safety in natural, 
stepped and nailed form in different conditions. These 
correlations could be used to know about the factor of 
safety in different conditions.

Improvement Percentage in Factor of Safety 
and Shear Strength Value

The statistical analysis in graphical form are shown 
in Figs 6 to 12. Change in value of FS in all the three 
conditions can be observed from the graphs below. The 
difference between the FS for 3 m, 4 m, 5 m, 6 m, 7 
m and 8 m nail length can be observed in the graph 
shown in Fig. 9 while Fig. 10 shows the factor of safety 
graph in case of all the three conditions together such as 
natural, stepping and nailing condition.

For any of the material, the FS can be calculated 
from these graphs. With the change in nail length, the 
FS is also increased linearly. 

The statistical results can be checked in these 
graphs. From Figs 8 and 9, it is very clear that stepping 
can improve the factor of safety more than natural  
form and nailing can improve the factor of safety  
more than stepping. Material 10 is clay having highest 
cohesion, friction and unit weight in this analysis. 
And material 20 is clayey sand having highest value 

Fig. 9. Factor of safety in case of nailed slope (3 m to 8 m).
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of cohesion, friction and unit weight. These two 
materials are taken out of twenty materials to check 
the improvement in factor of safety after applying 
different stabilizing techniques. It is clear from  
the bar graph shown in Fig. 11 that value of factor  
of safety in case of material 10 is improved from 
minimum 13% to maximum 35% while in case of 
material 20, the factor of safety is improved from 
minimum 16% to maximum 39% after applying 

stepping and nailing techniques. Fig. 11 shows a 
comparison in the factor of safety values between 
material 10 and material 20. 

From the graph shown in Fig. 12, it is clear that 
the shear strength can be improved from a minimum 
of 13 KN/m2 up to a maximum of 77KN/m2 in case of 
material 10. While it can be improved from a minimum 
of 7 KN/m2 up to a maximum of 82 KN/m2 in case of 
material 20.

Fig. 10. Factor of safety in all the three conditions such as natural, stepping and nailing.

Fig. 11. Comparison of factor of safety for material 10 and 20.

Fig. 12. Shear strength comparison for material 10 and 20.
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The correlations shown in Table 4 are new 
contribution in field of slope stability analysis. Similarly 
figure 9 and 10 are also new contribution in this 
field. It could be used for any slope stability projects  
keeping the material properties in considerations.

Conclusions

The hypothesis of this paper are concluded as 
follows:
1. The correlations shown in Table 4 are useful to find 

the unknown values in soil slope stability analysis 
such as factor of safety, cohesion, friction and unit 
weight. Similarly equations 14 to 22 are useful 
correlations in case of finding the factor of safety 
in different conditions such as natural, stepping and 
nailed form.

2. The shear strength of the slope is improved from 
13KN/m2 to 77KN/m2 and 7KN/m2 to 82KN/m2 in 
case of clay and clayey sand respectively. This shows 
that increasing the shear strength of soil can easily 
increase the factor of safety up to the required extent.

3. Any slope can be stabilized according to the 
requirement of the site such as in this paper the slope 
factor of safety was improved from minimum 13% 
to maximum 35% in case of clay and 16% to 39% in 
case of clayey sand.

4. Stepping technique is not very suitable in the case 
of cohesionless soil as it causes a single step to fail 
which ultimately become the basis for the failure of 
the whole slope. Hence it gives very low factor of 
safety.

5. In case of nailing, if the nail length reach the critical 
failure plane, it gives the maximum shear strength 
further increase in length does not cause any 
increase in the shear strength of soil as clear from 
graph shown in figure 10 in which the 6m, 7m and 
8m nails are giving almost the same shear strength 
in case of cohesionless soil.
Correlations between other soil parameters such as 

poison ratio, elasticity of soil, void ratio etc. can also be 
extracted using the same methodology. This work can 
be done using Finite element analysis for comparing 
the results of both Limit equilibrium method and Finite 
Element Method. To change the nail properties, such 
as instead of end anchoring, geotextile can be used to 
check the factor of safety for different slopes. Applying 
the same techniques for slope stabilizing in case of pore 
water pressure such as if the water table exists inside 
the slope. In this condition, the analysis will show 
whether the stepping technique is better or nailing for 
cohesive and cohesionless soil. Although much work 
is done in this context but specifically for stepping and 
nailing techniques with changing soil properties will be 
a new and useful work in this regard.
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