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Abstract 

Slope stability analysis is an important research field of geotechnical engineering. It has 
been continuously developed in recent decades. A variety of analysis methods have been 
applied, among which the unbalanced thrust method is widely used in a large number of 
geological engineering cases. In slope stability analysis, the calculation of critical sliding 
field can not only easily and accurately approximate the critical sliding surface of 
arbitrary shape, but also display all other dangerous sliding surfaces at the same time. 
The degree of stability is expressed by residual thrust. Based on the theory of global 
critical sliding field of slope, this paper realizes the search of local critical sliding surface 
with arbitrary shape. The calculation and analysis show that the calculation result of the 
software is accurate, stable and easy to operate. It is widely used in practical slope 
geological engineering. 
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1. Introduction 

Slope instability is a common geological disaster in nature and one of the most common accidents in 

engineering construction, causing huge loss of people’s lives and property [1]. At present, the 

calculation methods of slope stability, such as Swedish slice method, Bishop method and so on, are 

very mature on the premise that the shape of slip surface is assumed in advance [2]. However, with 

the rapid development of China’s economic construction, large-scale construction in the fields of 

transportation, Water Conservancy, Architecture and energy, and the emergence of a large number of 

complex practical slope projects, the existing methods which assume the shape and position of the 

slip surface in advance are not reasonable for the actual slope engineering with complicated situations, 

and the analytical results are often quite different from the actual ones, therefore, it is necessary to 

study the method of stability analysis of complex slope. At present, in the stability analysis of complex 

slope, the limit equilibrium principle is often used to calculate the critical slip field of the slope, so as 

to determine the position of the most dangerous slip surface of any shape, and finally to find the most 

reliable Factor of safety of the slope [3]. The slope critical slip field method can determine any 

dangerous slip surface in the complex slope, and its accuracy and precision are satisfied in the actual 

project. The calculation amount is very large, and the traditional manual calculation and the method 

relying on the trigonometric function calculation can not be satisfied, it is difficult to be applied in a 

large number of practical projects. In order to make researchers and engineers better and more 

convenient to apply the method of slope critical slip field, this paper based on the existing research 

results, space interface based on EV-Globe geographic information, the calculation system of slope 

critical sliding field was established in object-oriented programming language C# in VS2019 

development platform. The system of the critical sliding field of the slope has simple interface, high 

calculation speed, good visualization of the results and convenient modeling for users, researchers 

and engineers can easily and quickly apply the slope critical sliding field method to the actual work 
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design, which can save the trouble of tedious calculation and programming, so we can focus more on 

the geological problems of the slope. 

2. Principle of calculating critical sliding field of slope by residual thrust 

method 

The induced factors of slope stability can be divided into two categories: one is natural factors, such 

as rock and soil types and properties, geological structure and rock mass structure, weathering, 

groundwater activity, earthquake flood, rainstorm, etc. The other is the impact of human activities, 

such as road repair, manual blasting, loading and other activities. Under the action of various inducing 

factors, the slope stability is mainly affected from three aspects: first, the dispersion degree of rock 

and soil mass is affected, for example, lithology, rock mass structure and the softening effect of 

rainfall seepage water on rock mass and soil mass form a weak plane between the rock mass and soil 

mass, and the stress distribution of the slope, such as earthquake, groundwater pressure, heaped load, 

slope toe excavation, etc. Third, it has effective air-facing surface [4-7].  

The critical sliding field of slope is a mechanical analysis method by studying that the slope is in the 

limit state, which idealizes the slope into a rigid plastic medium. The slope is affected by natural or 

human activities, which induces the imbalance of stress distribution and slope instability. In this 

method, the static equilibrium equation and Mohr Coulomb failure criterion are used to establish the 

mechanical equation of the slope, and the direction field of the residual thrust is formed by iterating 

the residual thrust, so as to track the most dangerous sliding surface [8]. Its core idea is as follows: 

As shown in Fig. 1, the slope is divided into several rectangular blocks. The dividing density can be 

determined by engineering. The higher the density, the higher the accuracy. According to the actual 

soil mechanics, the slope body is divided into two sections: entrance and exit, the maximum residual 

thrust P of the slide surface is calculated at the exit, which is called the dangerous slip surface for the 

Factor of safety Fs. The dangerous slip surface corresponding to all the exit forms a field, which is 

defined as the dangerous slip field [9-10]. 

 

Fig. 1 Discrete sketch map of slope body 

 

In this paper, we consider the static equilibrium of the bar in the direction parallel to the underside 

and perpendicular to the underside, as shown in Fig. 2: 

𝑁𝑖 − 𝑊𝑖 cos 𝛼𝑖 − 𝑃𝑖−1 sin(𝛼𝑖−1 − 𝛼𝑖) = 0                     (1) 

𝑇𝑖 + 𝑃𝑖 − 𝑊𝑖 sin 𝛼𝑖 − 𝑃𝑖−1 cos(𝛼𝑖−1 − 𝛼𝑖) = 0                   (2) 

The Factor of safety and the Moore-cullen rule of sabotage: 

𝑇𝑖 =

𝐶𝑖𝑏𝑖
cos 𝛼𝑖

+𝑁𝑖 tan 𝜑

𝐹𝑠
                             (3) 
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From the formula (1), (2) and (3), we can get the Factor of safety Fs of the slope as follows: 

𝑃𝑖 =  𝐹𝑠𝑊𝑖 sin 𝛼𝑖 − (𝐶𝑖𝑏𝑖/ cos 𝛼𝑖 + 𝑊𝑖 cos 𝛼𝑖 tan 𝜑𝑖) + 𝑝𝑖Ψ𝑖              (4) 

Ψ𝑖 =  cos(𝛼𝑖−1 − 𝛼𝑖) − tan 𝜑𝑖 sin(𝛼𝑖−1 − 𝛼𝑖)                     (5) 

Where 𝐶𝑖,Ψ𝑖 is the cohesion and internal friction angle of the bottom surface of the i-th block; 𝛼𝑖,𝑏𝑖 

is respectively expressed as the inclination of the bottom surface of the i-th block and the width of 

the divided block; 𝑊𝑖  is the gravity of the i-th block, Ψ𝑖 is the transfer coefficient of the force on the 

last block. 

 

Fig. 2 Static equilibrium diagram 

 

The dangerous slip direction of discrete points is solved from the entrance section to the exit section 

in order from top to bottom. Point (i,j) is taken as an example to illustrate how to calculate the 

dangerous slip direction and the maximum residual thrust. It is assumed that the dangerous sliding 

direction and the maximum residual thrust of all discrete points before this point have been calculated. 

As shown in Fig.3, the Angle between the dangerous sliding direction of point (i,j) and the horizontal 

plane is taken as 𝛼(𝑖,𝑗), the sliding plane intersects the block line I-1 at point C, and point C is assumed 

to be located between two discrete points A and B on the block line I-1. Assuming that the maximum 

residual thrust 𝑃𝐴 and 𝑃𝐵 at two points A and B have been calculated, the maximum residual thrust 

𝑃𝐶  at point C can be calculated by linear interpolation, as shown in formula (6) and formula (7): 

𝑋𝑐 =  
𝐶𝐵

𝐴𝐵
𝑋𝐴 +

𝐶𝐴

𝐴𝐵
𝑋𝐵                            (6) 

𝑌𝑐 =  
𝐶𝐵

𝐴𝐵
𝑌𝐴 +

𝐶𝐴

𝐴𝐵
𝑌𝐵                             (7) 

According to the recurrence relationship of forces between strips, the dangerous sliding direction can 

be obtained 𝛼(𝑖,𝑗)  corresponding inter strip thrust 𝑃(𝑖,𝑗) , continuously test 𝛼(𝑖,𝑗) so that the final 

𝑃(𝑖,𝑗) reaches the maximum. 

 

Fig. 3 Linear interpolation of forces between bars 

 

Assuming that the initial value of Fs is substituted into formula (4), the thrust 𝑃1𝑖 → 𝑃2 → ⋯ 𝑃𝑖 →
𝑃𝑖+1 → ⋯ → 𝑃𝑛 can be recursively deduced to obtain the residual thrust direction field, as shown in 

Fig.4. starting from an exit point on any slope and tracing backward in the dangerous sliding direction 

of that point to the next adjacent bar line, when the intersection point is not at the discrete point, the 

dangerous sliding direction of the intersection point can be obtained by linear interpolation according 

to the dangerous sliding direction of the two adjacent discrete points, and then the dangerous sliding 
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surface can be traced back along the dangerous sliding direction obtained by interpolation until it 

reaches the top of the slope, a complete and dangerous slip surface is then formed. By analogy, all 

the exits on the slope are traced back to the dangerous slip surface to form the final dangerous slip 

field. 

In actual operation, each discrete point can be searched in the range of angle variation with angle 

intervals of 20°, 10°, 5°, 2° and 1°, and the maximum thrust and dangerous sliding direction at the 

discrete point can be obtained by comparison In order to satisfy the precision requirement of the 

dangerous sliding surface obtained by the final search. As shown in Fig. 5, the dangerous sliding 

direction field of the slope is generated when the dangerous sliding direction of all discrete points is 

obtained. After the dangerous sliding direction field of the slope is obtained, it is easy to trace back 

the dangerous sliding surface at any exit. 

Assuming that Fs initial value and cyclic iterative bottom plane inclination are substituted into 

formula (4), the bottom plane inclination of each state point can be substituted into trial calculation 

at intervals of 20°, 10°, 5°, 2° and 1°, and the thrust 𝑃1𝑖 → 𝑃2 → ⋯ 𝑃𝑖 → 𝑃𝑖+1 → ⋯ → 𝑃𝑛, Thus, the 

residual thrust direction field is solved, as shown in Fig. 4. From Ren Yipo surface exit point, back 

to track down the point of sliding direction to the next adjacent strips online, when the intersection 

point not on the discrete points, the intersection of sliding direction according to the sliding direction 

between two discrete points of linear interpolation, and continue to track back in the direction of the 

interpolation of dangerous sliding dangerous sliding surface, until the track to the top area, At this 

point a complete dangerous slide surface is formed. By analogy, the final dangerous sliding field can 

be formed when all exits on the slope are traced back to the dangerous sliding surface. In the 

dangerous slip field, the surface with the largest residual thrust at the exit is the most dangerous slip 

surface, as shown in Fig. 5. 

 

Fig. 4 Residual thrust direction field of slope 

 

Fig. 5 Sketch map of dangerous sliding direction field of slope 



International Core Journal of Engineering Volume 7 Issue 10, 2021 

ISSN: 2414-1895 DOI: 10.6919/ICJE.202110_7(10).0020 

 

121 

3. Development of slope critical sliding field software 

3.1 Software Development Tool and function design 

This software combined with the EV-Globe SDK GIS software secondary development package, the 

advantages of the software can be convenient for the common geographic functions, can quickly build 

a geographic information platform. Using VS development platform, using objectoriented language 

C#, the software of slope critical sliding field, which has powerful drawing function and strong 

interaction, users can import slope coordinate data, lithologic parameter data, the program 

automatically plots the shape of the slope and the lithologic parameters corresponding to the rock 

layers, calculates the critical slip field of the slope, and tracks back the most dangerous slip surface 

corresponding to the Factor of safety. 

3.2 Realization process of critical sliding field of slope 

The software can draw the dangerous slip surface of any shape slope and any number of rock slope 

by one-key calculation. The calculation steps are roughly divided into four steps, As shown in Fig. 6 

(a,b,c,d): 

3.2.1 Draw slope according to input parameters. 

According to the surveying data, input the parameters of the top of the slope, the physical parameters 

of each rock layer, including the rock layer number, the name of the rock layer, the gravity density of 

the rock layer, the friction angle of the rock layer, the cohesion of the rock layer. 

3.2.2 The slope is drawn according to the drawn slope and the segmented small block resolution of 

the input. 

Drawing the segmentation matrix according to the input segmentation resolution, The cut matrix 

intersects the slope body to obtain the cut point of the slope body 

3.2.3 The dangerous slip field is plotted by calculating the state points of each segment. 

The state value of each segmented block includes the maximum residual thrust and the corresponding 

bottom inclination at this time. This state value is only related to the physical properties of this 

segmented block and the state value of the previous segmented block. Assuming that the state value 

of one column on the first column of strips is 0, the state values of all points in the first column can 

be calculated by formula (4), and so on. The state values of all divided blocks can be calculated. The 

dangerous slip directions of all state points constitute the dangerous slip direction field of slope in 

discrete state. 

In the calculation, the slope failure can be regarded as the step-by-step push of the divided block of 

the slope to the next block. In mechanics, it is not allowed to transfer tension between the blocks, i.e. 

negative thrust. If the residual thrust P < 0 is calculated at the outlet to the i-th divided block, it is 

considered that the slope contains cracks. Take the next divided block as the first block and restart 

the calculation. 

3.2.4 According to the position of the exit, the dangerous sliding surface is traced back in turn, and 

the most dangerous sliding surface is retained as the output result 

According to the calculated dangerous slip direction of all state points in the dangerous slip field, the 

slip path is traced along the dangerous slip direction from the surface state point of the slope in the 

exit section, and the whole slip surface is formed, determine the entrance to the slip surface. There 

are slip surfaces corresponding to all state points in the exit section, and these slip surfaces constitute 

a continuous and dangerous slip field. The most dangerous slip surface is the one with the largest 

residual thrust at the exit. If the most dangerous slip surface at the exit corresponds to a Factor of 

safety greater than 0, adjust the Factor of safety downward. If less than 0, adjust the safety system 

upwards. The iteration continues until the most dangerous slip surface corresponds to a residual thrust 

close to zero, at which point the corresponding Factor of safety is the minimum Factor of safety of 

the slope. 
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(a) Draw the slope and record the parameters      (b) to divide the slope into small cells 

  

(c) plotting the residual thrust field of the slope     (d) plotting the most dangerous slip surface 

Fig. 6 calculation process of critical sliding field of slope 

 

 

Fig. 7 Example 1 slope profile 

 

 

Fig. 8 Example 1 the most dangerous slip surface of slope 
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4. Examples and analysis 

4.1 Example 1 homogeneous slope 

As shown in Fig. 7, the slope is homogeneous with γ = 17 KN/𝑚3, c = 20 KPa, φ = 10°. The results 

show that when Fs = 1.088, the maximum residual thrust is 0 KN and the slope reaches the limit 

equilibrium state. The critical sliding field of the slope is shown in Fig. 8, the dangerous sliding 

direction changes gradually and is distributed orderly. It is found that the dangerous sliding surfaces 

are smooth and arc-like, but not circular, and more similar to logarithmic spiral, which is in line with 

the actual engineering slope sliding phenomenon. 

4.2 Example 2 non-homogeneous slope 

As shown in Fig. 9, this software can also simulate the dangerous slip field of the slope with different 

parameters of fault and three layers. The specific mechanical parameters of the slope are shown in 

Table 1 

Table 1. Physical parameters of heterogeneous slopes 

Slope body Heavyγ(KN/m3) Cohesion c(KN/m3) Angle of internal frictionφ(°) 

Slope 1 parameter 16.66 0 10 

Slope 2 parameters 16.66 5.3 25 

Slope 3 parameters 19.5 7.2 28.5 

 

The results show that the maximum residual thrust is 0.4 kn when Fs = 0.898, and the slope is very 

close to the critical stability state, as shown in Fig. 10. The practical engineering experience shows 

that the main slide surface of the dump is straight and the whole slope is falling, and the front of the 

slide body is bulging in a large range. For this example, the most dangerous sliding surface of arbitrary 

shape is searched by the software based on the optimized unbalanced thrust method as shown in figure 

10. It can be seen that due to the different physical and mechanical indexes of soil layers, the arbitrary 

shape of the sliding surface is obviously turned between soil layer 2 and soil layer 3. Therefore, the 

more reasonable shape and position of the critical sliding surface can be searched only without 

assuming the shape and position of the sliding surface, and get reliable Factor of safety. The slope 

critical sliding field method used in this software shows its own prominent advantages when 

searching for critical sliding surfaces of arbitrary shape, the more disadvantageous shape and position 

of the critical slip surface are found and the mechanism of the landslide can be shown to some extent. 

To sum up, the software is reasonable and reliable in evaluating the stability of nonhomogeneous 

slopes, and the slope critical sliding field method has its unique advantages in searching the most 

dangerous sliding surface of slopes with complex soil parameters. 

 

 

Fig. 9 Example 2 slope profile 
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Fig. 10 Example 2 the most dangerous slip surface of slope 

 

5. Conclusion 

Based on the EV-Globe geo-spatial relation interface and object-oriented C # language, the software 

for calculating the critical sliding field of slope is developed in VS environment. The simulation 

process of the slope critical sliding field based on the unbalanced reasoning method is simple and 

clear, and it can deal with many complex rock and soil characteristics and structural planes flexibly. 

It is not necessary to set the initial arc surface, and the calculated result displacement can ensure the 

global and local optimum of the critical slip surface and the minimum Factor of safety, a clear record 

showing the calculation process has a broad application prospect in practical engineering. 
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