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Abstract 

Purpose. The research aims to conduct a comprehensive study on substantiation and selection of optimal parameters for 

supporting mine workings at deep levels by analyzing the stress-strain state (SSS) of the rock mass, modeling geomechanical 

processes and developing effective strengthening technologies in difficult geological conditions. 

Methods. The research includes modeling of the stress-strain state of the rock mass using ANSYS, Phase2 and Prorock 

software packages. To assess and predict the stress-strain state of the mass in the area of stope blocks, a series of numerical 

experiments have been conducted to analyze the near-contour rock mass stability. The physical-mechanical characteristics of 

ores and host rocks are used as input data for modeling. 

Findings. The mass SSS analysis has confirmed that increasing the number of cable bolts up to four provides mine wor-

king stability, but is accompanied by intensive fracture formation beyond the contour, as well as convergence up to 14 cm, 

which requires the use of reinforcing mesh and reinforcing frame in two layers. The mining system elements have been found 

to provide the necessary safety factor for end ore drawing (ks ≥ 3.0) and slicing mining with hardening backfill (ks ≥ 5.0). 

Originality. The parameters for supporting mine workings have been substantiated, which ensures safe mining of deep  

levels. It has been revealed that when backfilling, the height of the caving zone is 125 m and the fracture zone is 60 m. For 

mining systems with caving, these figures reach 280 and 470 m, respectively. 

Practical implications. The technology has been developed for supporting capital mine workings with the use of rein-

forced combined support and roof bolts. The results obtained contribute to the improvement of reliability and efficiency of 

mining operations by providing accurate prediction of rock behavior under conditions of changing stresses and reduction of 

their strength characteristics. 
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1. Introduction 

The mining industry of Kazakhstan plays a key role in the 

country’s economy, providing a significant share of its  

exports and being the most important source of raw materials 

for various industries [1], [2]. Geological diversity and rich 

natural resources make Kazakhstan one of the leading mineral 

producers in the world [3]. However, as the mining industry 

develops and moves to deeper levels, issues related to ensu-

ring the safety, stability of mine workings and the efficient 

use of natural resources become increasingly relevant [4]-[6]. 

One of the most important tasks in mining is the selection 

and substantiation of optimal deposit mining systems taking 

into account difficult mining-geological conditions. This 

includes not only the safety of mining operations, but also 

ensuring the stability of mined-out spaces, which is particu-

larly important when mining deep levels, where geostatic 

loads and the risk of accidents increase [7]-[11]. 

With the deterioration of the geomechanical environment 

and moving to deeper levels, the use of outdated mining sys-

tems focused on smaller sections and low loads becomes less 

effective [12]. Thus, to ensure safe and efficient deposit mi-

ning, especially in the context of difficult geomechanical situa-

tion, it is necessary to conduct research aimed at selecting and 

substantiating optimal parameters for supporting, as well as 

mining systems that take into account the specific conditions 

of certain objects [13]. To address these challenges, researchers 

have explored various approaches, including strategic goal 

setting for companies [13]-[16], success factors for entrepre-

neurship projects in mining and related industries [17], [18], 

and the realization of regional industrial projects [19]-[22]. 

Practice shows that for the same conditions, it is usually 

possible to use more than one mining system. Selection of 

mining systems suitable for mining-geological conditions is 

possible by any method, but the most widely used is the 

method of elimination, according to which systems that do 
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not correspond to any mining-geological factor are excluded 

from all systems under consideration [23]-[26]. Long-term 

experience of underground mining operations at the 

Kazchrome Mine (Kazakhstan) has revealed the expediency 

of using mining systems based on induced or self-caving  

of ore and host rocks. At present, due to deterioration of 

mining-geological characteristics of ores and rocks, transi-

tion to deep levels and, as a consequence, complication of the 

geomechanical situation on site, the urgent task is to explore 

the possibility of switching to mining systems with backfil-

ling of the mined-out space. 

Analysis of research and development works, as well as 

project solutions for mining the field reserves, shows that the 

previously proposed mining systems are simple in design, 

which is quite understandable: small volume of commissio-

ning works, small sectional sizes, etc. [27]-[30]. However, 

the use of mining systems with extended outcrop spans as-

sumes the presence of stable ores and at least mean stability 

of the host rocks, which is not observed in the field. Along 

with the presence of people in the stope space, there is a high 

risk of conducting mining operations, uncontrolled failure of 

the walls and roof of the mined-out space (mine workings), 

in some cases, an uncontrolled process of self-localization of 

the chamber after the withdrawal of reserves [31]. Thus, the 

necessary task is to select the optimal design of the mining 

system, taking into account the mining-geological condi-

tions, ensuring safety for personnel present in the zone of 

conducting mining operations, and substantiation of the pa-

rameters of constructive units. 

The purpose of this research is to substantiate and select 

the optimal parameters for supporting mine workings at deep 

levels, taking into account mining-geological factors, which 

makes it possible to significantly improve the safety and 

efficiency of mining operations in conditions of difficult 

geomechanical and mining-geological characteristics. 

2. Methods 

This paper assumes the following mining systems: 

– sub-level induced caving with end ore drawing; 

– mining system using descending slicing with backfilling. 

The main block parameters are panel width and sub-level 

height, so the block parameters are taken on their basis. 

There are many methodologies for determining ore drawing 

parameters for mining systems with caving [31]-[34], but 

there is no generally accepted and universal one. The most 

rational calculation is based on empirical dependences ob-

tained by processing statistical data from a number of mines 

mining ores with different properties. 

To assess and predict the stress-strain state of the mass in 

the area of stope blocks, models of the deposit areas have 

been developed. The models are based on geologic sections 

and horizon plans. Modeling is performed using the ANSYS 

software package, which is widely used for solving such 

research tasks [35]-[38]. 

The physical-mechanical properties of ores and host 

rocks composing the deposit are taken as input data. The 

stresses during modeling are calculated for the worst condi-

tions, from the point of view of geomecha-nics: the stope 

extraction in the stope unit and after backfil-ling the chamber 

with hardening mixtures (backfill), if avai-lable. Figure 1 

shows the initial models of the stope units when reserves are 

mined by the mining system. 

(a) 

 

(b) (c) 

  

Figure 1. Initial model of the extraction unit: (a) caving with bottom 

ore drawing; (b) sub-level induced caving with end ore 

drawing; (c) descending slicing with hardening backfill 

 

Since no geologic or lithologic model for the deposit has 

been provided, large-scale modeling is performed using 

available open-source data [39]. The ore body width in plan 

is assumed to be 220 m, the depth of mining operations – 

600 m. The ore body thickness is assumed to be 80 m. It can 

be said that the geometry parameters of the mined-out space 

are taken such that in the general case (without taking into 

account local geometry peculiarities) the change in the natu-

ral stress field is maximum [40]. 

Large-scale modeling is performed in a planar setting on 

a schematic cross section. Modeling is performed under two 

scenarios of mining the reserves using different mining sys-

tems: with caving and backfilling of the mined-out space. 

Modeling is performed by finite element method in 

Rocscience Phase2 software. 

Figures 2 and 3 show the models representing changes by 

stages. Figure 2 shows that the mining and subsequent back-

filling of the mined-out space is specified by replacing the 

properties of the area corresponding to the ore deposit. 

Figure 3 shows that the caved mass is not explicitly spe-

cified in the model, but is replaced by equivalent distributed 

loads. This is due to the fact that the mass failure processes 

in the finite element method are not explicitly reproduced, 

because of which, when modeling the deposit mining using 

caving systems, the changed stress-strain state cannot be 

realistically determined without any additional operations 

with the mass caving areas. The lateral pressure coefficient in 

the caved mass is assumed to be λ = 1.0, which is taken into 

account in the values of distributed loads applied to the verti-

cal walls of the caved area. The fragmentation index for 

determining unit specific gravity of the caved mass is as-

sumed to be equal to 1.2. For the calculations, it is assumed 

that the caving reaches the earth’s surface at caving angles of 

90°. For ease of data presentation, the modeling scheme 

described below will be referred to as Scheme 1. 

The physical-mechanical properties of the backfill and 

caved mass specified in the calculation models are shown in 

Table 1. The strength properties (adhesion, tensile strength) 

are taken with a scale factor of 0.1. 
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(a) 

 

(b) 

 

Figure 2. Graphical representation of the model with backfilling of 

the mined-out space (Scheme 1): (a) stage 1; (b) stage 2 

 

(a) 

 

(b) 

 

Figure 3. Graphical representation of the model with caving of 

the host rocks (Scheme 1): (a) stage 1; (b) stage 2 

 
Table 1. Physical-mechanical properties of the backfill and caved 

mass specified in large-scale models to assess artificial SSS 

Mass Backfill Caved mass 

Adhesion, МPа 2.00 0.02 

Internal friction angle, ° 22 35 

Unit specific gravity, ton/m3 500 – 

Poison’s ratio 0.25 – 

Deformation modulus, МPа 500 – 

 

This value is derived from the element dimensions  

(5-30 m), the deformation curve adopted in Phase2 and the 

parameters of fracturing. 

The vertical component of the natural stress field is 23 

and 28 MPa at 880 and 1040 m depths, respectively. The 

horizontal principal stress across the strike of the deposit is 

20 and 21 MPa at the same depths. These values can be de-

scribed by the dependences σz = 1.03 γH and σx = 0.83 γH. 

These values are specified in all large-scale models. Note 

that the adopted dependence is slightly different from that 

proposed by Golder. 

Due to the disadvantages of large-scale modeling, the de-

cision is made to perform numerical modeling in two addi-

tional ways: 

– FEM modeling with explicit specification of cave roofs 

and disintegrated mass within the boundaries of the roofs 

(hereinafter – Scheme 2); 

– modeling of reserves mining in the finite-discrete ele-

ment method (FDEM) (hereinafter – Scheme 3). 

According to the first option, it is assumed that a cave 

roof is formed, the height of which in the case of flat-lying 

and horizontal bodies can be found as H0 = 4 m, where m – is 

the thickness of the mined-out space. In the case of systems 

with backfilling, in the practice of rock shear calculations, it 

is assumed to use the effective thickness me instead of m, 

which depends on the value of underbackfilling and shrinkage. 

Thus, the above expression will be as follows H0 = 4me. The 

effective thickness is assumed to be equal to me = 0.2 m. 

FDEM modeling does not require explicitly specifying the 

cave roof as in FEM. The cave roof will form naturally as one 

of the modeling results, which will depend on the size of the 

mined-out space, material properties and other parameters. 

Figure 4 demonstrates the graphical representation of 

the models according to Scheme 2. Only stages 2 are 

shown, the first stages are identical to those adopted in 

Scheme 1 (Figs. 2, 3). Properties for calculations are as-

sumed to be similar to those used previously (Table 1). 

Boundary conditions are assumed to be similar to stage 1 in 

the Scheme 1 of the model. 

The modeling according to Scheme 3 by finite-discrete 

element method is performed in Prorock software. The con-

structed model is shown in Figure 5. The standard best prac-

tice for FDEM, used here as well, is to construct two zones 

in the model. The first one allows for caving, and it is built 

around the area of interest. The triangulation grid in it is not 

displayed in Figure 5. Around the first zone, a zone is con-

structed in which the mass is set to be elastic. The elastic part 

of the model ensures that the boundary conditions are set 

correctly. The grid in this zone is set high spacing for com-

putational efficiency. 

The differences in the models at the second stage are as 

follows. In mining with caving, the elements corresponding 

to the ore body are completely excluded from the calculation: 

thus, extraction is modeled. When mining with backfilling, 

only the upper part of the ore body, corresponding to under-

backfilling, is excluded from the calculation, for the rest of 

the part physical-mechanical properties are replaced by elim-

inating the natural stress field. The properties of the ore are 

replaced by the properties of the backfill material. The transi-

tion from the first stage to the second stage is modeled grad-

ually, through gradual changes in material properties. 
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(a) 

  

(b) 

 

Figure 4. Graphical representation of stage 2 of models, con-

structed according to Scheme 2: (a) option of mining 

with backfilling of the mined-out space; (b) option with 

caving of the host rocks 

 

 

Figure 5. Graphical representation of the FDEM model (Scheme 3) 

3. Results and discussion 

Figure 6 shows the nature of stress distribution in the 

rock mass when the reserves are mined by the mining system 

based on caving with bottom ore drawing. Estimated safety 

factor values of constructive elements of extraction units 

when reserves are mined by the mining system based on 

caving with bottom ore drawing are presented in Table 2. 

 
Table 2. Estimated safety factor values of constructive elements of 

extraction units when reserves are mined by the mining 

system based on caving with bottom ore drawing 

Name of the constructive  

element of the extraction unit 

Safety factor value, 

unit fraction 

Pillar between drawing соnes 1.17 

Pillar between draw raises 

(delivery horizon level) 
0.71 

Scraper drift near-contour mass 0.91 

Near-contour mass of  

undermining crossdrift 
0.74 

 

(a) 

 

(b) 

 

Figure 6. SSS of constructive elements of the mining system based 

on caving with bottom ore drawing: (a) equivalent 

stresses; (b) safety factor values 

 
The SSS modeling data analysis of constructive elements 

of the mining system based on bottom ore drawing has shown 
that the safety factor values are less than 1. This fact, along 
with high fracturing of the ore and rock mass, high degree of 
the chamber bottom irregularity due to preparatory-cutting 
workings indicates the necessity of supporting all mine work-
ings with heavy types of rock support. These types of supports 
(made of special concave profile, SCP) are currently used at 
the mine. However, the practice of their application shows the 
presence of extra-standard additional supporting of mine 
workings, increased material consumption compared to the 
planned one, which negatively influences the safety of mining 
operations, intensification and productivity of the mine. 

In real conditions, due to the occurrence of rheological 
processes, the stress level may slightly differ, but it will have 
a high enough degree of convergence with the actual data 
due to the presence of triaxial compression zones in low-
height pillars. The stress redistribution effect is observed in 
the form of cutter break formation, rock inrush of the mine 
working roof and walls [41], [42]. 

Thus, ensuring the block bottom stability can be achieved, 
in our opinion, by forming it from artificial mass (based on 
cementitious material) at the stage of preparing block reserves 
for stope extraction, which will negatively affect the feasibi-
lity study and is inexpedient at the present time. 

Figure 7 shows the nature of stress distribution in the 
rock mass when reserves are mined by the mining system 
based on sub-level induced caving with end ore drawing. 
Calculated safety factor values of constructive elements of 
extraction units when reserves are mined using the mining 
system based on sub-level induced caving with end ore drawing 
are presented in Table 3. 
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(a) 

 

(b) 

 

Figure 7. SSS of the constructive elements of the mining system 

based on sub-level induced caving with end ore draw-

ing: (a) equivalent stresses; (b) safety factor values 

 
Table 3. Estimated safety factor values of constructive elements of 

extraction units when reserves are mined by the mining sys-

tem based on sub-level induced caving with end ore drawing 

Extraction unit constructive 

element name 

Safety factor value, 

unit fraction 

Trench pillar 3.0-5.0 

Near-contour rock mass of delivery 

drift in the bottom hole zone 
3.0-5.0 

Near-contour rock mass of delivery 

drift (5 m distance behind the face) 
≥ 5.0 

 

The modeling data SSS analysis of the constructive ele-

ments of the mining system based on sub-level induced  

caving with end ore drawing has shown that the safety factor 

values are not less than 3.0. Consequently, mining of re-

serves by this mining system ensures stability of constructive 

elements and safety of mining operations. 

In real conditions, due to the occurrence of rheological 

processes, it may be necessary to specify the mining system 

parameters for the level using the results of experimental 

industrial tests. Thus, the use of the mining system based on 

sub-level induced caving with end ore drawing provides a 

reduction in labor costs, reduced volume of preparatory-

cutting workings, and increases the reserve mining intensity. 

Figure 8 shows the nature of stress distribution in the 

rock mass when the reserves are mined by the mining sys-

tem using descending slicing with hardening backfill. Esti-

mated safety factor values of constructive elements of ex-

traction units when the reserves are mined by the mining 

system using descending slicing with hardening backfill are 

presented in Table 4. 

 

(a) 

 

(b) 

 

Figure 8. SSS of the constructive elements of the mining system 

using descending slicing with hardening backfill: 

(a) equivalent stresses; (b) safety factor values 

 
Table 4. Estimated safety factor values of constructive elements of 

extraction units when reserves are mined by the mining 

system using descending slicing with hardening backfill 

Extraction unit constructive 

element name 

Safety factor value, 

unit fraction 

Stope pass bottom  5.0-7.0 

Beyond-contour mass (up to 0.5 m) 8.0-10.0 

Beyond-contour mass (over 0.5 m) ≥ 10.0 

 
The SSS modeling data analysis of the constructive elements 

of the mining system using descending slicing with hardening 
backfill has shown that the safety factor values are more than 
5.0. Consequently, the mining of reserves using this mining 
system makes it possible to ensure the stability of constructive 
elements and the safety of mining operations to the greatest 
extent, provided that people are present in the stope space. 

From the mathematical modeling data analysis, it has 
been revealed that the backfilling of the stope pass with 
hardening mixture changes the nature of stress distribution 
generated around the stope. In this case, the descending order 
of mining will make it possible to exclude the presence of 
contact with highly fractured rocks and ores in the roof and 
walls of the pass, thereby stabilizing the beyond-contour 
mass in terms of variation of its strength characteristics. 

As a result of modeling, conducted according to the 
scheme described in the Phase2 software methodology, the 
principal stress distributions can be obtained (Fig. 9a-d). The 
figures show only the area around the mass section to be 
mined. Figure 9a, b demonstrate the stresses caused by mining 
the reserves with backfilling of the mined-out space, while 
Figure 9c, d show the stress state associated with mining 
with caving of the host rocks.  
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(a) (b) 

  

(c) (d) 

  

Figure 9. Modeling results of determining stresses in the mass by the Scheme 1: (a), (b) option of mining with backfilling of the mined-

out space; (c), (d) option of mining with caving of host rocks 

 

Figure 9a, b show that the principal stresses under the 

mined-out space during mining of the deposit with backfil-

ling are σ1 = 12-18 МPа, σ3 = 6-8 МPа. In the stope space 

sides, the highest principal stresses are σ1 = 25-30 МPа, 

σ3 = 8-10 МPа. 

The principal stresses in the mined-out space bottom  

during mining with caving (Fig. 9 c, d) are σ1 = 13-15 МPа, 

σ3 = 11-12 МPа. In the same conditions, the highest princi-

pal stressses in the stope space sides are σ1 = 16-19 МPа, 

σ3 = 13-14 МPа. 

It should be noted that here and below in all models the 

stresses are identified in two zones: 

– under the mined-out space with a thickness of ~20 m; 

– in the mined-out space sides, in the zone with a  

width of ~20 m. 

In these zones, the greatest difference between the princi-

pal stresses will be expected for the entire period of mining 

the deposit reserves. In addition, capital and preparatory 

workings can be expected to be located in these zones. 

That is, the minimum principal stress value σ3 in the case 

of the use of backfilling is lower than when mining with 

caving, and σ1, on the contrary, is somewhat higher.  

Obviously, these results cannot be considered realistic, since 

it is known that the use of backfilling results in less influence 

of the mined-out space on the stress state. This discrepancy is 

caused by both the underestimation of the minimum princi-

pal stresses in the modeling with this scheme of backfilling 

and their overestimation in the modeling with caving. 

The first is caused by the fact that the FEM underesti-

mates the roof subsidence in the mined-out space due to the 

lack of the ability to explicitly model the mass ruptures. That 

is, above the backfilled volume due to underbackfilling, 

shrinkage and compression of the backfill, roof ruptures 

occur, and a cave roof is formed. The mass thus disintegrated 

exerts pressure on the backfill and the mass area under it. 

These processes cannot be reflected in finite element models 

when modeled according to the above scheme (Fig. 9 a, b). 

As for the modeling of the mining system with caving, 

the inaccuracy in the given scheme is that the model does not 

reflect the possibility of formation of rock barricades, over-

hangs of rocks over the mined-out space, and locking of the 

caved mass against the lateral stable surrounding mass. This 

causes the entire weight of the caved rock to be placed on the 

bottom of the mined-out space, thus overestimating the  

minimum principal stress value. 

Add to the description of Figure 9 a-d, that the principal 

stresses at the first stage (“green field”) at the same eleva-

tions are σ1 = 16 МPа, σ3 = 12 МPа. This confirms that the 

natural stress field setting is correct when the depth and unit 

specific gravity of the rocks are taken into account. 

The calculations performed using the finite element 

method according to Scheme 2 resulted in the following 

results (Fig. 10 a, b and 10 c, d). The stresses occurring in the 

mass under the mined-out space have been determined. The 

principal stresses for the mining system with backfilling 

(Fig. 10 a, b) are as follows σ1 = 14-19 МPа, σ3 = 5-7 МPа. 

In the side of the stope space, the principal stresses are 

σ1 = 22-26 МPа, σ3 = 5-9 МPа. 

When mining reserves using mining system with caving 

(Fig. 10 a, b), under the mined-out space, the principal stresses 

are σ1 = 22-27 МPа, σ3 = 6-8 МPа. Principal stresses ob-

tained in the sides are σ1 = 27-31 МPа, σ3 = 7-11 МPа. Note 

again that the stresses are identified in zones of about 20 m in 

the side and under the mined-out space, where capital and 

preparatory mine workings can be expected to be located. 

The modeling results of Scheme 2 seem to be more rea-

listic compared to Scheme 1, as the principal stress values 

differ more when using system with caving than when  

using system with backfilling of the mined-out space. That 

is, these models are more in line with practice-based expec-

tations. At the same time, it should be noted that the mini-

mum principal stress value of σ3 is smaller than expected. 

Change in model compared to Scheme 1 does not lead to 

the expected increase in σ3.  
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(a) (b) 

  

(c) (d) 

  

Figure 10. Modeling results by the Scheme 2: (a), (b) option of mining with backfilling of the mined-out space; (c), (d) option of mining 

with caving of host rocks  

 

It can be stated that finite element modeling by two 

schemes, equally valid for application, has resulted in rather 

different results. This additionally shows that it is necessary 

to determine the stresses using another method that more 

accurately reflects the failure processes in the mass. This 

requirement is well met by the finite-discrete element meth-

od. Figure 11 demonstrates the results of simulation of min-

ing an ore deposit with backfilling. 

The areas with a large difference in principal stresses are 

most important, since it is the great differences in stress that 

pose a risk to the stability of mine workings. Special atten-

tion is also paid to the areas where the principal stress rever-

sals are observed, as they may cause concentrations in other 

areas of the mine working. 

The areas identified by the specified features are located 

in the mass in the side of the mined-out space and under it 

(Fig. 11). In the most part of the area under the extraction 

site, the highest principal stress during mining using the 

systems with backfilling is σ1 = 17 МPа. In the same area, 

there are small sections (up to ~10 m in size) of both relaxa-

tion and stress concentration in the range of σ1 = 10-30 МPа, 

but they will not be taken into account in further calculations 

as a special case. The lowest principal stress value in most of 

the considered area is within σ3 = 4 МPа, at the same time 

varying in local sections in the interval of σ3 = 0-10 МPа. 

In the sides of the extraction site, there are areas with the 

highest stress value of σ1 = 30 МPа, where the lowest princi-

pal stress value is σ3 = 7-10 МPа. Figure 12 shows the  

predicted modeling consequences of reserve mining using 

mining systems with caving. Under the mined-out space, the 

highest principal stress value is approximately σ1 = 17 МPа. 

Also in this area, there are sections (up to 10-20 m in size) of 

both relaxation and stress concentration σ1 = 10-30 МPа, but 

they should be considered as a special case. 

(a) 

 

(b) 

 

Figure 11. FDEM modeling results by the Scheme 3 (option of 

mining with backfilling of the mined-out space): 

(a) sigma 1; (b) sigma 3 
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(a) 

 

(b) 

 

Figure 12. FDEM modeling results by the Scheme 3 (option of mi-

ning with caving of host rocks): (a) sigma 1; (b) sigma 3 

 

The lowest principal stress in the most part of the consi-

dered area is in the range of σ3 = 5-9 МPа, while varying in 

local sections in the range of σ3 = 3-15 МPа. In the sides of 

the extraction site, the highest principal stress is on average 

σ1 = 25-30 МPа. The minimum principal stress value in this 

area varies in the range of σ3 = 9-15 МPа. 

In addition to the above information, when analyzing the 

data obtained as a result of modeling, the following can be 

noted. The caving zone height during mining with backfilling 

is 125 m or 7.8 me, the fracture zone height is another 60 m. 

When mining with caving, the same parameters are 280 m 

(3.6 m) and 470 m, respectively. In this case, identifying the 

caving zone is much more difficult in the second case, since 

the degree of the mass disintegration changes smoothly 

enough from bottom to top (Fig. 13). The fracture zone al-

most reaches the earth’s surface when using systems with 

caving of the host rocks. 

The realistic nature of the results is confirmed by the sub-

sidence values observed on the earth’s surface. When mode-

ling mining with caving, subsidence value is up to 2 m. Note 

that the highest surface subsidence of 0.6 m in FEM mode-

ling has been obtained according to Scheme 2 with caving. 

An interesting phenomenon is the formation of protrusion 

wedge near the surface, due to the formation of which in the 

central part of the shift trough, the subsidence is characte-

rized by lower values than closer to the edges from the center 

(Fig. 14). A similar phenomenon is observed in the FEM 

modeling according to Scheme 2. 

 

(a) 

 

(b) 

 

Figure 13. Differential stresses acting in the mass by end of reserve 

mining: (a) system with backfilling; (b) system with caving 

 

In the FDEM models in the Prorock software, a quite 

large fracture zone is formed under the mined-out space, 

where the mass de-stressing occurs. Partially, the formation 

of this fracture zone is associated with the dynamic action of 

falling pieces of host rocks, which will not occur in reality, 

since the deposit mining does not occur at once for the entire 

thickness, as it happens in the simulation. Therefore, the 

formation of this fracture zone with a lower thickness should 

be expected in reality.  

The areas of de-stressing and stress concentration formed 

under the mined-out space in the FDEM modeling show the 

possible variation of stress values in the case of in-situ stress 

measurements. That is, Figures 11-13 demonstrate the com-

plexity of conducting stress measurements in the zone of 

influence of the mined-out space. 

The final principal stress values, determined by modeling 

by the three schemes, are given in Table 5. Comparison of the 

stresses obtained by FDEM modeling with the results of FEM 

modeling shows that the stresses determined by the finite-

discrete element method are within the similar values obtained 

by the finite element method. For this reason, and also consid-

ering the fundamental peculiarities, disadvantages and ad-

vantages of the methods, for further calculations assume the 

stresses determined according to Scheme 3. Based on the 

obtained data, it is possible to perform modeling of the mine 

working to assess its stability in the field of induced stresses. 

The modeling is performed similarly to the one per-

formed at the previous stage in the natural stress field. The 

only difference is in the stress field, which is now specified 

taking into account the influence of the stope space. 
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(a) 

 

(b) 

 

Figure 14. Mass displacements by the end of reserve mining: 

(a) system with backfilling; (b) system with caving 

 
Table 5. Averaged induced stresses determined by numerical modeling 

Mining system 

Under the  

mined-out space 

To the side of the 

mined-out space 

σ1, МPа σ3, МPа σ1, МPа σ3, МPа 

Scheme 1 (FEM) 

With backfilling 15 7 27 9 

With caving 14 11 18 13 

Scheme 2 (FEM) 

With backfilling 17 6 24 7 

With caving 25 7 29 9 

Scheme 3 (FEM) 

With backfilling 17 6 27 10 

With caving 17 7 27 10 

 

Thus, the induced stress field is characterized by the fol-

lowing values and rotation angles (Table 6). 

 
Table 6. Estimated parameters of the artificial stress field 

Stress orientation 

Option 1 Option 2 

Value, 

МPа 

Inclination 

angle, ° 

Value, 

МPа 

Inclination 

angle, ° 

Maximum  

principal stres σ1 
17 0 27 90  

Minimum 

principal stress σ3 
6 90 10 0 

Table 6 values are specified in the FDEM models. The 

principal stresses in Option 1 may be characterized by some 

rotation (up to 20°) away from the center of the deposit, but 

the rotation value is rather insignificant and, in our opinion, 

may not be taken into account. A total of 4 models have been 

constructed for two options and in two types of rocks: in 

serpentinites and in ore. Physical-mechanical properties of 

rocks and ore are presented in Table 7. Properties are taken 

with mine working standing time of 6 hours before suppor-

ting. Figure 15 shows the results of mine working modeling 

in the induced stress field. 

 
Table 7. Material properties taken for modeling 

Rock name Serpentinite Ore 

Adhesion, МPа 11 5.6 

Internal friction angle, ° 41 40 

Tensile strength, МPа 3.5 1.9 

Unit specific gravity, ton/m3 2.55 4.01 

Deformation modulus, МPа 39.8 13.8 

Poison’s ratio 0.25 0.24 

 

From the modeling results (Fig. 15) it can be seen that the 

mine working stability with the taken supporting parameters 

is provided under the specified conditions. Figure 15 (Option 2, 

ore) demonstrates that the mine working stability cannot be 

ensured in the ore when the mine working is located in the 

side areas of the stope space. That is, in such circumstances, 

a different scheme for supporting should be considered. 

A relatively higher inrush volume is observed in ore with 

worse strength properties (Fig. 15, Option 1, ore) and at higher 

stresses in the mass (Fig. 15, Option 1, serpentinite). 

The inrush volume and intensity of fracture opening in 

the models (Fig. 15) are relatively the same as that observed 

in the models in the natural stress field. However, the inrush 

volume in the mine working driven in serpentinite in the side 

of the stope space is still somewhat larger and similar to the 

situation observed when analyzing the stability of mine 

working supported with violations of technology, namely 

with reduced load-bearing capacity of roof bolts. 

The value of the displacements on the mine working con-

tour is interesting. As for mine working in serpentinite in 

Option 1 SSS, does not undergo significant displacements 

that barely reach 4 cm in the model. In Option 2 SSS, dis-

placements exceed 5 cm. In ore (Option 1 SSS) displacements 

on the contour exceed 7 cm, which according to the experience 

of modeling at the previous stage, is a dangerous value. 

Based on the displacement values, it can be said that the 

supporting of mine workings under the stope space in serpen-

tinite can be somewhat optimized. At the same time, mine 

workings driven there through the ore are likely to have a 

low safety factor value. 

It is characteristic that the modeling results show an in-

crease in the intensity of inrush and failure beyond the mine 

working contour in the areas of stress concentration. In Op-

tion 1 SSS (Fig. 15), concentration areas are located in the 

roof and bottom of the mine working, in Option 2 (Fig. 13) – 

in the sides. This indirectly indicates the correctness and 

realistic nature of the models, as well as the fact that FDEM 

models can be used for reverse analysis of the mass stress 

state based on the actual deformations of mine workings. 

In case the mine working is located in the side of the 

stope space in the ore, its destruction occurs, therefore, the 

decision is made to review the supporting scheme.  
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Option 1, serpentinite 

  

Option 2, serpentinite 

  

Option 1, ore 

  

Option 2, ore 

  

Figure 15. Results of mine working modeling in the induced stress field 

 

Figure 16 shows the zones where intense formation of 

rupture and shear fractures in the rock occurs, that is, the 

rock barricades are destroyed. Behind these zones in the 

mass there are stable zones that do not undergo displace-

ments. In order to ensure the mine working stability, it is 

necessary to fix the isolated sections of the mass relative to 

the stable areas. This can be achieved by using cable bolts, 

which have a long length and high load-bearing capacity. 
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Figure 16. Displacements and fracturing behind the mine wor-

king contour before caving (Option 2 SSS, ore) 

 

Figure 17 also shows the mechanism of mine working 

caving, where it is shown that the mine working sides cave 

first. Some displacement of failure epicenters in the diagonal 

direction occurs due to patterns of fracturing, but conditions 

of fracturing may be variable, and the accepted systemic 

fracturing of the mass cannot be taken as a general case. 

Therefore, this displacement is not taken into account. 

 

 

Figure 17. Mechanism of mine working failure (Option 2 SSS, ore) 

 

As a result, three possible supporting schemes have been 

selected, as follows (Fig. 18). In the first one, the roof bolts 

are set in the same way as in the previous model, while the 

mine working sides are additionally fastened with cable 

bolts. In the second scheme, two cable bolts are added to 

strengthen the mine working walls and the number of roof 

bolts is increased along the perimeter. In this case, the dis-

tance between roof bolts is left equal to 0.9 m, but the dis-

tance from the bottom to the first roof bolt is reduced to 

0.45 m. In the third scheme, the bottom is additionally fas-

tened with roof bolts and the sides with cable bolts. 

The load-bearing capacity of the cable bolts is assumed to 

be 210 kN. The deformation characteristics of cables are 

assumed to be similar to roof bolts. Figures 19 and 20 show 

the modeling results that illustrate the changes in the mine 

working stability, when fastened with additional two and 

four cable bolts, respectively. Analysis of the obtained data 

makes it possible to assess the effectiveness of various sup-

porting schemes under conditions of a specified SSS. 

 

Figure 18. Schemes for supporting an unstable mine working: 

options with two, four and six cable bolts 

 

Figure 19 shows the results of deformation modeling of 

the mine working fastened according to the first option, that 

is, with two additional cable bolts. From this figure it can be 

seen that the mine working experiences deformations that 

can hardly be considered acceptable. That is, the first adopt-

ed option of additional supporting can be considered unsuc-

cessful. It should be noted that the effect of the cables is 

clearly visible and consists in increasing the stability of  

the mine working walls. However, this causes unacceptable 

deformation of the sides in the lower part, closer to the  

mine working bottom. 

It can be seen from Figure 20 of the second supporting 

option that the mine working stability is ensured with the 

adopted supporting scheme. However, there is a very intense 

fracturing behind the contour, which is accompanied by a 

noticeable mine working convergence and significant stret-

ching of the roof bolts. Displacements of the mine working 

contour reach more than 14 cm from the moment of driving 

the mine working, and the bottom is displaced to an even 

greater extent. Such deformations of the mine working will 

result in the need for additional supporting (at least using 

shotcrete) and cleaning-up of the bottom. 

Based on the modeling results, the following supporting 

schemes are recommended for use: 

– strengthening of the combined roof-bolt-and-shotcrete 

support with crown runners (headboard) over the outcrop 

area by adding second-order roof bolts: up to 6-8 m deep. In 

this case, the distance between the roof bolts of the first order 

is not more than 0.9 m, the distance from the bottom to the 

first roof bolt is 0.45 m. 

– the bottom is additionally fastened with roof bolts and 

the sides are fastened with cables. 

Prospects for further research include in-depth analysis of 

the stability of mine workings, taking into account more 

complex geomechanical conditions. Additional research is 

needed to optimize the supporting parameters depending on 

the type of ores and rocks, taking into account their strength 

characteristics and fracturing. This will make it possible to 

develop more accurate recommendations on the selection of 

supporting systems for different geological conditions and 

improve the safety of mining operations. In addition, further 

research should focus on the development of new types of 

roof bolts with improved characteristics, such as increased 

tensile strength.  

It is also worth studying the influence of factors such 

as seismic activity and water saturation on the stability of 

mine workings. Implementation of monitoring systems to 

control the state of supporting and mass deformations in  

real time will make it possible to react quickly to changes, 

ensuring higher safety and efficiency of mining operations  

at deep levels. 
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Figure 19. Simulation result of mine working in ore for Option 2 SSS with two additional cable bolts 

 

 

Figure 20. Simulation result of mine working in ore for Option 2 SSS with four additional cable bolts 

 

4. Conclusions 

The rocks and ores of the deposit are characterized by low 

strength properties (σc =10.7-97 МPа), which together with a 

high degree of disturbance of the mass by fractures, characte-

rizes the mass composed by them as unstable (very unstable). 

Based on the obtained data, modeling of mine workings 

has been performed to assess stability in the field of induced 

stresses. The analysis of models has shown that mine work-

ing stability with the adopted parameters of supporting is 

provided under the specified conditions for serpentinites and 

ore according to the Option 1. 

It should be noted that as a result of the mass SSS mode-

ling around the supported mine working, the effect of the 

cables is clearly visible and consists in increasing the stabi-

lity of the mine working walls. However, in this case, unac-

ceptable deformations in the lower part of the sides and bot-

tom of the mine working are to be expected.  

Increasing the number of cable bolts to 4 ensures the 

mine working stability. However, due to the action of stress-

ses, there is a very intense fracturing behind the contour, 

which can be accompanied by a noticeable convergence (up 

to 14 cm) of the contours. The second-order roof bolts should 
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have significant tensile strength. Such deformation of  

the mine working will result in the need to provide additional 

supporting (at least shotcrete restoration). In this case, it is 

necessary to have the perimeter of the mine working  

completely covered with reinforcing mesh and reinforcing 

frame in two layers. 
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Обґрунтування та вибір параметрів кріплення гірничих виробок на глибоких горизонтах 

А. Матаєв, Б. Уахітова, Д. Кауметова, М. Імангазін, Ж. Саркулова, Г. Ісенгалієва, Р. Оразбекова 

Мета. Провести комплексне дослідження з обґрунтування та вибору оптимальних параметрів кріплення гірничих виробок на 

глибоких горизонтах на основі аналізу напружено-деформаційного стану масиву гірських порід, моделювання геомеханічних про-

цесів та розробки ефективних технологій зміцнення у складних геологічних умовах. 

Методика. Дослідження включає моделювання напружено-деформованого стану масиву гірських порід із використанням про-

грамних комплексів ANSYS, Phase2 та Prorock. Для оцінки та прогнозування напружено-деформованого стану масиву в районі 

очисних блоків проведено серію чисельних експериментів для оцінки стійкості приконтурного масиву. Вихідними даними для 

моделювання слугували фізико-механічні характеристики руд і вміщуючих порід. 

Результати. Аналіз НДС масиву підтвердив, що збільшення кількості тросових анкерів до чотирьох забезпечує стійкість виро-

бки, проте, супроводжується інтенсивним тріщиноутворенням за контуром і конвергенцією до 14 см, що вимагає застосування 

армуючої сітки та армокаркасу у два шари. Встановлено, що елементи системи розробки забезпечують необхідний запас міцності 

при торцевому випуску руди (ks ≥ 3.0) та шаровому вийманні з твердіючим закладанням (ks ≥ 5.0). 

Наукова новизна. Обґрунтовано параметри кріплення гірничих виробок, що забезпечує безпечне освоєння глибоких горизон-

тів. Виявлено, що при закладанні висота зони обвалення становить 125 м, а зони тріщин – 60 м. При системах з обваленням ці пока-

зники досягають 280 і 470 м відповідно. 

Практична значимість. Розроблено технологію кріплення гірничо-капітальних виробок із застосуванням посиленого комбіно-

ваного кріплення та анкерів. Отримані результати сприяють підвищенню надійності та ефективності гірничих робіт, забезпечуючи 

точне прогнозування поведінки порід в умовах напружень, що змінюються, і зниження їх міцнісних характеристик. 

Ключові слова: напружений стан, масив, руда, порода, чисельний аналіз, кріплення, система розробки 
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