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Abstract. Herein there is an algorithm and method of processing the 

experimental data obtained by a circular seismic sounding method that 

makes it possible to increase accuracy in determining an anisotropy 

coefficient of the ground mechanical properties. The coefficient value is 

mutually related to the deformation processes at the initial stages of 

landslide formation. There are results of data processing of the field 

seismic studies of the adjacent ground at the Angrenskiy coal mine that 

allow establishing boundaries for the potentially landslide-prone zones, as 

well as a numerical criterion to predict rock stability under the given 

conditions. 

1 Introduction 

To improve evaluation stability accuracy for the various type of slope structures (open pits 

side, dams, dumps, embankments, and excavations etc.), physical and mechanical property 

details of the studied ground are required. In this regard, traditional methods of engineering 

and geological surveys and hydrogeological monitoring are supplemented by geophysical 

measurements. Herewith, well geophysical logging, ultrasound, seismic, nuclear-physical 

and electrical methods provide the required meticulous database, however are associated 

with great drilling operations [1,2]. Wells-free geophysical methods, as much less labori-

ous, have got priority development, and methods of sounding from the earth's surface (from 

underground workings) are also widely used. Currently, geo-acoustics and geo-radar loca-

tion methods are being developed most actively. Improvement of geophysical methods goes 

in two directions: expanding of measuring equipment capabilities; updating of software and 

methodological support at processing and interpretation of experimental databases [3]. 

Significant success was achieved in solving a problem of geophysical monitoring using 

underground geo-technology. One of the most successful projects is an active implementa-
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tion of the ground acoustic monitoring system (GAMS) and forecast of dynamic phenome-

na at the SUEK-Kuzbass mines. Source of the acoustic signal in the system is an effect 

caused by mining equipment on face or development working. Acoustic signal processing 

is made continuously throughout the entire coal extraction cycle, and predictive parameters 

are computed based on the resulting average spectrum of the acoustic signal [4]. 

The functionality of the GAM system is as follows [5-7]: forecast of the potentially 

hazardous areas on coal and gas emissions, rock-bursts, dynamic rock failure in workings 

with intense gas release in presence of a gas-bearing satellite bed, abrupt coal extrusion; 

prediction of geological disturbances that are dangerous for dynamic phenomena ahead of a 

moving face; operational management of the coal seam hydraulic loosening process; moni-

toring of safety and efficiency of the pilot relieve holes; VAT definition for the face param-

eters; notification regarding deterioration of dynamic phenomena state in the face and high 

rock pressure. 

Seismic monitoring methods applying various measurement design, techniques and 

software to interpret their results were used to evaluate stability of the adjacent ground for 

open pit mines [8], physical and mechanical properties of soils [9], to determine ground 

failure and observe karst occurrence [10, 11 ], to evaluate rock strength and determine 

anomalous tectonic zones [12-14], to clarify conditions of formation and gas content [15-

17], to control stress-strain state of sand-clay soil and hard rocks [18, 19]. 

Studying state and properties of the adjacent coal mass, seismic sounding method is 

very perspective that allows covering large areas of potentially landslide-hazardous ground. 

2 Research methods 

Seismic surveys of the adjacent ground in the Angrenskiy open pit coal mine were carried 

out by the expedition of JSC Ugol, Republic of Uzbekistan. 

A circular seismic sounding method has been used, the essence of which could be pre-

sented as follows. The seismic station included a hammer point located in the center of a 

circle with a radius of 10 m and 12 geophones fixed at specially prepared points along a 

circle with an angular step φ = 30°. Exitation was excited by 10–20 thumps on the mass 

surface by a tamper; registration was carried out by the Lakkolit 24-M seismic station in the 

accumulation mode using geophones 9С-20dx. 

Main result of the seismic sounding data processing is an anisotropy coefficient aK


, the 

value is determined by the ratio: 
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where 
IIpV , 

⊥pV – P-wave velocity in directions, respectively, parallel to the plane of soil 

softening, and perpendicular to it. 

The Kа value totally characterizes a potential risk of landslide formation in the studied 

area, the severity of which is defined by strength and deformation decrease in the ground 

properties and deformation development. Magnitude and direction of the aK


 vector can be 

determined from circle charts of the time intervals of the longitudinal wave ti arrival from 

the angular coordinate, a characteristic view is shown in Fig 1. 
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Fig. 1. Characteristic circle charts of ti(φ) time arrival of the longitudinal wave  

Ka = Vpmax/Vpmin = 1737/1706 = 1.01 (a); Ka = 2449/1540 = 1.58 (b); Ka = 2729/927 = 2.94 (c) 

 

To improve accuracy of definition of the aK


 vector parameters it is necessary to devel-

op a method for ground approximation of experimental data using an ellipse equation. One 

of the effective methods for geophysical data processing is discussed below. 

Assume that there are pairs of values kV  and k , where   – azimuth angle, and V – 

acoustic wave velocity (polar radius). The broken curve chart )( kk VV =  in the polar co-

ordinate system can be approximated by rotated, relatively to the standard coordinate sys-

tem, some angle   by ellipse with semi-axes ba, . 

It is required to determine values of the semi-axes ba,  and angle  . For this we are to 

use the least squares method, which is reduced to finding minimum of three variables func-

tion ,,ba  of the following type: 

  −=

k

kk baVVF
2

),,,(  , 
(2) 

where ),,,( baV  – ellipse theoretical equation in the polar coordinate system OV . 

Relatively to the rotated coordinate system, the canonical equation of an ellipse with a 

center at the beginning of the coordinate system has a form: 
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Relationship between the original and rotated on angled   coordinate systems is given 

by the matrix expression of rotation: 
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sincos
. (4) 

Coordinates yx VV ,  in the polar coordinate system are defined by expressions: 
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cosVVx = , (5) 

sinVVy = . (6) 

 

Substituting (6) and (5) in (4), and then in (3), we obtain an expression relatively to ve-

locity )(VV =  of the following form: 

  2/12222 bBaA

ba
V

+


= , (7) 

where  sinsincoscos +=A ,  sincoscossin −=B . 

Since due to the use of functions
 

sin  and cos  in (7) the obtained function (2) is mul-

timodal, then the use of any gradient improving algorithms to search for the minimum of 

function (2) is inefficient. In this situation a possible way out is to use optimization meth-

ods of random search that allow detecting not only local minima, but also global ones. One 

of the simple and at the same time effective method is the ‘simulated annealing’ method, 

which is an option of the classical statistical test method (Monte Carlo). The calculation 

flow chart is shown in Fig. 2. 

The algorithm includes the following steps. 

Step 1. Set starting initial values of variables 5;0;1;1 0000 ==== Tba  ; calculate 

function value (2) in the point ),,( 000 baFFstart = ; set the start value of the annealing 

parameter 50 =T  and  its lower limits 005,0min =T . Steps 2 – 5 repeated until the condi-

tion is met min0 TT  . 

Step 2. Set new values newnewnew ba ;; ; calculate function value (2) in this point 

);;( newnewnewnew baFF = ; calculate the difference 0FFnew −= . 

Step 3. If the condition 0  is met, then update the starting values, reduce parameter 

0T  and go to step 2; if the condition is not met, go to step 4. 

Step 4. Generate random number ]1;0[p , calculate the probability of updating of the 

starting value as per the formula: 

)/exp( 0TP −= . (8) 

Step 5. If the condition pP   is met, then update the starting values, reduce parameter 

0T  and go to step 2; if the condition is not met, then simply go to step 2. 
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Fig. 2. Calculation flowchart 

The application of this algorithm is to be considered in the following test example, 

which will consist of several stages. 

1. Generation of initial data in order to replace experimental data.  

Assume that the ellipse parameters take values 5=a , 2=b , 
45= . Let's form a uni-

form grid based on the polar coordinate ]2;0[  k  with step 
18


 =h . To prevent an 

‘inverse crime’ effect we will shift each node of this grid on a random amount within the 

half-step of the grid in a way to get an uneven grid.  

In each node of the new grid, we calculate the value of the polar radius by the formula 

(7): ),,,( kk baVV = . We change each value of the polar radius on a random value using 

the following formula 







+=

2
1

rand
VV R

, where rand – random number, evenly distrib-

uted on the segment ]1;1[− . 

2. Definition of theoretical values of the ellipse parameters that is close to the origi-

nal one. Set starting initial parameters 1=a , 1=b ,  0=  – i.e. unit circle parameters. 

Applying formula (1) and the mentioned ‘simulated annealing’ method hereinabove, we 

select the ellipse parameters. Changing parameters ,, ba , it is necessary to consider the 

positivity of the half axes ba, , as well as the angle change interval ]90;0[


  . As a re-

sult, we get the following values: 813.4=a , 087.2=b , 
 996.44= , wherein the value F 

from formula (2) is decreased from 170 at starting values of parameters up to 24 at the ob-

tained optimal ones. Total calculation time was 10 minutes. Experimental and theoretical 

data are in Fig. 3. 
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Fig. 3. Processing results: 1-experimental data; 2-theoretical dependence 

If the angle of the ellipse is known beforehand, the speed of finding the optimal solution 

increases and the total time is 1 minute. In this case, the values of the found half axes will 

be equal to: 901.4=a , 035.2=b , and value 823.40=F . 

3 Results and discussions 

The pilot site diagram on the southern side of the Angrenskiy coal mine (Republic of Uz-

bekistan) in the area of the emerging landslide is shown in Fig. 4. The pilot site included 11 

seismic stations located on an area of over 100 hectares. The total length of the geophysical 

profile was 1.0 km, and the distance between neighboring seismic stations was from 50 to 

100 m. 

 

Fig. 4. Pilot site diagram on the southern side of the coal mine 
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Processing and analysis of the field measurement data was carried out as per the method 

hereinabove. 

Table 1. Results of determining the anisotropy coefficient Ka 

Observa-

tion point 

Number of the seismic point for circular seismic sounding method (CSSM) 

135 134 133 132 131 130 129 128 127 126 125 

Start 1.29 1.38 1.89 1.76 2.00 1.94 1.63 1.44 1.22 1.37 1.53 

2 months  1.38 2.28 1.71 2.68 2.13 1.30 2.13 1.53 1.48 1.56 

12 months 1.73 1.00 2.25 1.71 2.80 2.13 1.45 1.66 1.55 1.48 1.66 

15 months 1.73 1.00 1.50 1.76 2.36 2.25 1.67 1.45 1.48 1.32 1.15 

25 months  1.39 2.26 1.71 2.53 2.13 1.48 1.95 1.35 1.32 1.35 

33 months 1.58  1.55 1.29 1.95 1.71 1.77 1.53 1.22 1.04 1.06 

36 months 1.38 1.26 1.05 1.29 1.60 1.27 1.47 1.53 1.15 1.04 1.06 

The Fig. 5 presents graph of variants of the value Ка on seismic points (SP), located ap-

proximately parallel to the open-pit edge, depending on the time: near the edge (SP 131), in 

the middle (SP 132) and rear (SP 134) parts of the potentially landslide-prone zone. 

 

Fig. 5. Graph of variants of the value Ка depending on the time of observation: 1 – t = 0; 2 – t = 15 

months; 3 – t = 25 months; 4 – t = 36 months; 1 – SP 134; 2 – SP 132; 3 – SP 131 

 

From the obtained results, it follows that at the boundaries of the geophysical profile, 

the Ка value is in the range Ка = 1.04 – 1.73, while in its central part it reaches the maxi-

mum values Ka = 2.00 – 2.80 on the interval t = 12 – 24 months. Later on, with the for-

mation of ruptures on the surface of the open-pit edge (see Fig.4) ground is unloaded that 

leads to decrease in the anisotropy of the ground mechanical properties and a corresponding 

decrease in the parameter Ка below the limit Ка < 1.6. 

4 Conclusions 

The criterion of the potential landslide hazard based on the results of circular seismic 

sounding was experimentally established: Ка > 1.6. Using the criterion, the boundaries in 

the plan of the landslide zone are set (see Fig.4), the approximate dimensions of which were 

500 - 300 м. 
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