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Introduction

Mineral mining at deeper levels and the increased demand to 

reduce expenses of production in the mining sector leads to planning 

higher steep slopes in open pit mines [1]. As a consequence, the 

number of slope instability events in the form of various landslides 

currently grows. Practice shows that such events can cause injuries 

and failure of mining machines and equipment [2]. 

Solving of this problem commonly involves various program 

products for the slope stability analysis in open pit mines to dis-

cern a landslide and to prevent its risk. Currently, many methods are 

included in the program products of the slope stability analysis [1]: 

kinematic [3, 4]; limit equilibrium [5, 6]; finite differences [7, 8]; 

finite elements [9, 10]; discrete elements [11–13], etc. 

The programming support practice in industry shows that 

among the above-listed methods of the slope stability analysis, the 

highest accuracy of landslide modeling is a feature of the  methods 

of discrete differences, finite elements and discrete elements. 

However, despite all advantages, these methods have two basic 

demerits. The first lies in the process of selecting a correct proce-

dure for discretization of a space of a problem solution, namely, in all 

studies in this field of research, discretization procedures disregard 

a representative volume of rocks, i.e. the volume where rocks start 

displaying their macroscopic physical properties [14]. This certainly 

worsens the instability prediction accuracy. 

The second shortage is that the slope stability analysis of pitwalll 

hazardous in terms of rotational slides assumes that formation of a 

surface of rotation immediately induces instability and landslide descent. 

This is a misthought which is many times disproved practically: the main

body of landslide, that is formed or nearly formed, can for a long time 

exist in the condition of small displacements along the slope, without 

posing threat to mining operations. 

Considering the above stated, the main objective of the research 

is development of a new automated slope stability analysis system for 

open pits with regard to the representative volume of rocks and the real 

mechanism of rotational slides. 

Materials and methods

For developing the proposed system, a new algorithm is proposed

for the slope stability analysis in open pits with regard to fulfillment of 

rotational slides. Let us set the main requirements for the algorithm. 

Let a potential body of slide be a site of pitwall composed of rocks

with different physical properties. As observations show, there are two 

types of instability of a potential slide body—local and global. The local

instability is conditioned by rotation of a potential body of slide, leading

to slight displacements of rocks along the lower bench of pitwall, which

bring no considerable hazard to mining operations. The global instability 

represents rotation of a potential slide body as a whole entity with the

subsequent failure and landslide descent. 

Thus, the first requirement for the algorithm is to detect the local

and (or) global instability on the pitwall slope sites. 

For building the algorithm, we use the model from the study [15].

According to this model, a potential body of slide is affected by the

resultant vertical force applied to the gravitational center C of theC

bu ried part of the slide body, as well as the cohesion force which

restrains the body. The equilibrium condition of these forces depends

on the position (in other words, configuration) of the buried part of a

potential slide body, set in terms of an angle φ relative to the vertical

axis, and in terms of the gravitational center C (coordinates of the lat-C

ter depend on φ, too). As a result, the local equilibrium of a potential

slide body can be described by the value of C (φ). The model finds out

that the local instability shows up at the fulfillment of a rotary moment

connected with the position C (φ) and the gravity T of the whole body.T

Unfortunately, the model lacks a formalized approach to determining

C (φ). The reasons are: (1) it is unknown how to delineate the buried

part of a potential slide body; (2) a potential slide body is analyzed as

a two-dimensional feature; (3) the problem neglects a key factor of

landsliding—rain precipitations [16, 17]. In this manner, we arrive at

a final and basic requirement—the algorithm is to determine the value

of C (φ) with the delineation of a three-dimensional buried part of a

potential slide body in the conditions of rain precipitation. 
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The above-listed requirements allow creating the following gene-

ralized algorithm for the stability estimation of pit slopes in case of a 

rotational slide. In this connection, we use the notation offered by Knuth 

[18]. So, the steps of the algorithm are described below. 

1. Detecting a potential body of slide. The boundary of a potential 

slide body as a three-dimensional feature is determined on pitwall slope 

using surveying instruments. 

2. Building an empty 3D block model. The delineated three-dimen-

sional potential body of slide is split into a set of regular cubic blocks.

The size of a block is to be set as the largest representative volume V

of rocks inside the potential body of slide. To this effect, it is possible to 

use the method from the study [19]. As a result, we compose a 3D body 

b[Nx, Ny, Nz], where Nx, Ny, Nz is the number of blocks along the axis z Ox, 

Oy and y Oz, respectively. 

3. Building a 3D reference block model L of a potential body of slide. 

Using certain experimental techniques and equipment, the values of the 

displacement vector u = (u nx, ny, nz), the density ρd of dry rocks and d

their moisture content w are obtained at the uniformly spaced points of w

the potential body of slide, conformable with certain blocks. The values 

in the rest blocks are determined by one of the most suitable method 

of kriging [20]. As a result, a 3D reference block model of a potential 

slide body is obtained: L = {(L b[Nx, Ny, Nz], u[Nx, Ny, Nz], ρd[Nx, Ny, Nz], 

w[Nx, Ny, Nz])}, where u[Nx, Ny, Nz] is the 3D array of displacements; 

ρd[Nx, Ny, Nz] is the 3D array of densities of dry rocks; w[Nx, Ny, Nz] is 

the 3D array of moisture contents of rocks. 

4. Delineating a buried part of a potential body of slide. By analy-

zing the values of the displacement vector, the blocks b[i, j, k] with the kk

positive displacements (which points at the displacement in the direc-

tion of the slope) are identified. The set of these blocks is the buried 

part of the potential slide body. The model is added with an attribute of 

the membership of the buried part: L = {(L b[Nx, Ny, Nz], u[Nx, Ny, Nz], 

ρd[Nx, Ny, Nz], w[Nx, Ny, Nz], q[Nx, Ny, Nz])}, where q[i, j, k] = 1 at kk

i = 1 ... Nx, j = 1 ... Ny, i = 1 ... Nz if a block belongs in the buried part z

and q[i, j, k] = 0 in the opposite case. kk

5. Building a 3D block model M of a potential body of slide with 

regard to rain precipitations. The densities of moist rocks is determined 

in each block from the expression ρ[i, j, k] = kk ρd[i, j, k](1 +kk w[i, j, k]) at kk

i = 1 ... i Nx, j = 1 ... Ny, i = 1 ... Nz. The result is a 3D block model of a 

potential slide body with regard to rain precipitations: M = L = {(L b[Nx, 

Ny, Nz], u[Nx, Ny, Nz], ρ[Nx, Ny, Nz], q[Nx, Ny, Nz])}, where ρ[Nx, Ny, 

Nz] is the density of moist rocks.

6. Building a set of 2D block models  of a potential  

body of slide with regard to rain precipitations. The 3D model is divided 

into a set of 2D models (sections) along the axis Ox (with recording the x

index i): ii , where M[i0] = {(b[i0, j, k], kk u[i0, j, k], kk ρ[i0, j, k], kk

q[i0, j, k])} at kk j = 1 ... j Ny, i = 1 ... Nz.

7. Attributing value 1 to the index i0 pointing at 2D block model

being analyzed: i0 ← 1. 

8. For the 2D block model M[i0], the gravity T[TT i0] of a section as a

whole entity is determined as T[TT i0] = (yT[i0], zT[i0]) using the following

formulas: 

,

,

where (y[i0, j, k], kk z[i0, j, k])kk  are the coordinates of a block center in the 

2D model; m[i0, j, k] =kk ρ[i0, j, k]kk V is the mass of a block in the 2D model. V

9. For the 2D block model M[i0], the gravitational center C[i0] of a 

section of the buried part of a slide body is determined. For the blocks

with q[i0, j, k] = 1, the gravitational centerkk C[i0] = (yC[i0], zC[i0]) is 

determined for φ0 (the current position of a section of the buried part 

of a potential slide body) from the formula: 

,

.

10. Determining an array of points Cφ[i0, m] in the path C (φ)

of the buried part in the conditions of weak rotation of a potential 

slide body. Using a mathematical pendulum equation and the coordi-

nates C[i0] = (yC[i0], zC[i0]), we determine the array of points Cφ[i0, 

m] = (yCφC [i0, m], zCφC [i0, m]) (m is the number of points) describ-m

ing the path C(C φ) at the deviations φ  [φ1, φn]: Cφ[i0, m] = 

= {(lsinl φ, –lcosφ)} at φ = φ1 ... φn with a pitchn π/180, where π

. For the limits of the  interval 

φ  [φ1, φn], it is convenient to select φ1 = φ0 – π/36 and π φn = n

= φ0 + π/36, which is governed by computational errors in kriging and π
by small changes in the position of the gravitational center of the buried 

part at such angles. 

11. In accordance with catastrophe theory, determining a cusp 

point R [i0] for a 2D model M [i0]. From each point Cφ[i0, m] of the 

gravitational center path in the buried part, a normal line to a tangent 

to this point is drawn. The intersection of these normal lines shapes a 

special geometrical figure called a cusp [15]. The point R [i0] = (yR[i0], 

zR[i0]) with the smallest value along the axis Oz (out of the values z zCφC [i0, 

m]) is a cusp point. Analytically, this step of the algorithm reduces to 

derivation of equations for the normal lines to the tangents to the points 

Cφ[i0, m], to pair-wise solving of these equations and finding thereby an 

intersection point with the least value along the axis Oz.

12. Does the cusp point lie below the gravity T [i0] or beyond the 

boundary of a potential body of slide? If zR[i0] < zT[i0] or the point 

(yR[i0], zR[i0]) is beyond the boundary of a potential body of slide, go to 

step 13; otherwise, go the step 14. 

13. The conclusion is: according to the analysis of the section i0, 

the potential body of slide is in the condition of global instability. Go to 

step 17.

14. Do the gravity T [i0] and the cusp point lie in the same axis Oz? zz

If zR[i0] = zT[i0], go to step 15; otherwise, go to step 16.

15. The conclusion is: according to the analysis of the section i0, the 

potential body of slide is in the stable condition. Go to step 17.

16. The conclusion is: according to the analysis of the section i0, the 

potential body of slide is in the condition of local instability. Go to step 17.

17. i0 ≤ Nx? Ifx i0 ≤ Nx, go to step 18; otherwise, go to step 19.
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18. i0 ← i0 + 1. Attribute the value i0 + 1 to the index i0, which

points at the discussed 2D block model in the obtained set. Go to step 8.

19. The end. Finish the algorithm.

Results and discussions

Using the object-oriented design, an architecture of the developed 

automated software system was built (Fig. 1).

According to this architecture represented using an UML Compo-

nent Diagram, the system being discussed comprises three subsystems 

and their interfaces. The first subsystem—DataAcquisition—acquires nn

data on moisture, density and displacement of rock mass on the test 

site of pitwall. The process involves using geodetic equipment, moisture 

sensors and lab-scale testing of rock density. The second subsystem—

StabilityAnalysis—uses the captured data to analyze the condition of ss

the test pitwall site to detect local and global instabilities. This subsys-

tem applies the above-described algorithm of the slope stability analysis. 

The third subsystem—DataManagement—is in charge of processing tt

and storage of all sets of data on density, displacement and moisture 

of rock on the test site. Using the Java language and the Spring Boot 

framework, the mentioned architecture was implemented as a stand-

alone application. 

To check the relevance of the decision, the proposed system was

tested at the Dzhegonas Quarry in the Karachay–Cherkess Republic, 

Russia. The geodetic survey detected a potential body of slide in over-

burden of the upper bench of the pitwall. The overburden represented 

various genesis sandstones and loams with small pockets of pebble 

stone. The potential slide body had a length of 10.8 m, width of 7.2 m

and a depth of 5 m, which allowed applying the developed automated

analysis of a rotational slide potentiality. 

Using the data on the boundary of the potential body of slide and the 

value of the representative volume of rocks (V  1.73 m3), the auto-

mated software system built an empty 3D model. Then, by setting the 

found values of displacements, densities of dry rocks and their moisture 

contents in certain block using the method of kriging, the model was 

filled with data. The resultant 3D reference block model of the potential 

body of slide is presented graphically in Fig. 2. The sizes of blocks were

assumed to be 1.2×1.2×1.2 m.

After analyzing displacements, the system allowed delineating the

buried part of the test body. On this basis, the 3D block model of a 

potential body of slide was obtained with regard to rain precipitations, 

and then it was split into a set of sections—2D block models.

Each of the models was analyzed to find the values of the gover-

ning parameter—the coordinates of the cusp point R and gravityR T of a T

section as a whole (Fig. 3). The analysis of the positions of these points

revealed a condition reflective of the global instability in the sections

with the values i0 = 4 and i0 = 5 (see Figs. 3d and 3d e). The buried part 

of the test body is marked with grey color. 

Later on, after atmospheric fallout, a rotation landslide was

observed on the test site, which resulted in failure of the lower-lying 

bench (Fig. 4).

Conclusions

As a result of the accomplished research, the automated system 

was designed for the slope stability analysis of pitwall slope areas sensi-

tive to rotational landslide. As against analogous approaches, the pro-

posed system takes into account the actual mechanism of rotational 

slides, namely, not one but two types of instability of pitwall slopes. In 

case of the first type—local instability, small displacements of a poten-

tial slide body impose no risk on mining operations. In case of the other

Fig. 1. Architecture of automated software system

Fig. 2. Graphic form of reference block model of potential

landslide body

Fig. 4. Result of rotational landslide on pitwall slope

Fig. 3. Analytical results of 2D block models at: 

i0 = 1 (a); i0 = 2 (b); i0 = 3 (c); i0 = 4 (d); i0 = 5 (e); i0 = 6 (f);

i0 = 7 (g); i0 = 8 (h); i0 = 9 (i)
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type of instability—global instability, the weakest displacements of a 

potential body of slide can initiate a landslide process. Detection of these 

instability types became possible owing to a new algorithm of the slope 

stability analysis for open pit mines. The features of the algorithm are: 

(1) rigorously formalized physico-mathematical justification of the criti-

cal condition analysis of potential slide bodies using catastrophe theory; 

(2) analysis of a test object as a block model with the formalized deli-

neation method for the buried part of the potential body of slide; (3) 

inclusion of a governing factor of landslide descent—rain precipitations. 

The relevance of the proposed solutions was tested as a case-study 

of the Dzhegonas Quarry in the Karachay-Cherkess Republic of Russia. 

According to the test result, the efficiency of the proposed system as 

percentage of the correct solutions in the stability analysis of pitwall 

slopes in terms of detected rotational slides was 90%, while software 

products used at the mine earlier provided only 60% efficiency. 

The further research trends may be: (1) improvement of the slope 

stability analysis for open pits with regard to stress field to enhance 

delineation accuracy for the buried part of a potential body of slide; 

(2) application of the proposed algorithm in design of new automated 

systems for real-time monitoring of pitwall condition. 
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