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Abstract. The technogenic impact of mining on the environment is analyzed and the transition to geotechnology with 
stowing to reduce the impact of mining operations is proposed. The results of the research work devoted to the justifi-
cation of parameters of the development of salt deposits with stowing and the definition of the influence of stowing on 
the dynamics of deformation of the underworked rock massif are presented. The relevance of research aimed at creating 
a safe and efficient technology for the transition from systems with natural maintenance of stoping space to systems 
with stowing has been substantiated.  The results of studies on qualitative and quantitative assessment of the state of 
the rock massif (by the finite element method using FLAC3D software), worked out by combines, are given and the 
dynamics of the impact of mining operations on the rock mass and the change in the maximum stresses during the 
hardening of the stowing in the chambers are revealed. The numerical modeling method is used to analyze the condi-
tions of change in the state of the underworked rock mass, to establish the mechanisms of its deformation at various 
stages of development. It is recommended to use this approach for geotechnical assessment of the rock mass state in 
conditions of using development systems of different classes.  
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Introduction. The consumption of mineral resources is increasing, which, together with the ex-

ponentially growing population of the Earth, is becoming close to exponential. Russia is among the 
world leaders in the extraction and processing of minerals (extraction and processing of potash salts 
is no exception). With the increased demand of mankind for agricultural products, the demand for 
potash fertilizers is increasing. Russia is the second largest producer of potash fertilizers on the world 
stage. The industry demonstrates a significant increase in production volumes (the country accounts 
for about 19 %). High demand leads to the intensification of production, the need to enter new 
capacities and the construction of new mines. 

The main production is concentrated in the Perm Region at the Verkhnekamskoye deposit of 
potassium and magnesium salts and is carried out at a depth of 400 m by technology with natural 
maintenance of the stoping space. For more than 50 years of development, many voids have formed 
in the subsurface, which seriously affect the rock mass behavior. 

The Verkhnekamskoye deposit is not the only one in Russia – two mines are under construction 
at the Gremyachinskiy and Nivenskoye deposits. Their distinctive feature is the occurrence depth, 
which is 1150 and 1200 m, respectively. Taking into account the fact that the losses during the de-
velopment of the Verkhnekamskoye deposit amount to about 65 % [1], it can be assumed that with 
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an increase in the depth of development 
at the Gremyachinskiy and Nivenskoye 
deposits, they will approach 85 %. It is 
also very complicated to predict the per-
sistence of the pillars stability over time 
[2]. The work experience at the Verkh-
nekamskoye deposit has shown that due 
to the plasticity of salt, elastic-plastic de-
formations occur in the pillars, which 
causes their destruction [3]. All this leads 
not only to an increase in the costs of 
providing technological extraction of 
minerals, enrichment and primary pro-
cessing, but also to an increase in the risk 
of rock pressure in unpredictable forms. 

This means that rational geotechnology already at this stage is obliged to create a fundamental foun-
dation and initiate the advanced development of science with the integration of mining experience 
and scientific and technological knowledge. 

Due to the growing demand for mineral resources and the limited capacity of the biosphere, the 
earth surface is experiencing a huge technogenic load [4]. Due to the limited capacity of the biosphere 
to self-regulation and self-reproduction, it is necessary to create gentle technologies that ensure the 
sustainable mining development [5]. Mining waste and secondary concrete from dismantling works 
in civil construction may be suitable for use in large-scale earthworks, provided their neutral impact 
on the environment with respect to the spread of chemical or other sources of pollution [6]. Studies 
on the safe use of coal tailings after landscape reclamation were presented at the Technical  
University of Ostrava (Czech Republic) [7]. 

During the extraction of minerals, the natural state of the rock mass changes, which leads to a 
redistribution of stresses in it and the development of cracks [8, 9]. In some cases, cracks reach the 
day surface, which leads to its collapse or violation of the water-proof thickness and the breakthrough 
of water into the mine [10] (Fig.1). 

Improving the organization of stoping operations will increase the completeness of excavation, 
reduce the cost of mining and the negative impact of geotechnology on the environment. Inaccurate 
and erroneous calculations lead to incorrect decision-making, which is the reason for the wrong 
choice of mining technology. All this leads to a violation of the integrity and tightness of large aqui-
fers, which causes flooding of underground structures, a significant deterioration of general mine 
safety and changes in the hydrogeological situation of the deposit [11]. 

Similar problems are observed during the construction of various objects. Some examples were 
given in works where the causes of rocky landslides [12] and sinkholes of karst formations [13] were 
considered, which cause vibration fluctuations affecting the environment and objects [14]. Methods 
of reducing vibration fluctuations were considered in [15]. 

The use of mining and construction waste is an important issue worldwide [16]. But the use of 
man-made and industrial waste has a very local size and significance. The possibility of using large 
volumes of man-made waste (crushed waste rock from dumps) for large infrastructure projects – 
roads, railways, dams – are considered in [17]. In this regard, it is possible to identify the factors to 
be taken into account when using man-made waste: the suitability of waste in terms of their strength 
and environmental friendliness; financial costs for preparing for sale (crushing, sorting, creating  

Fig.1. Sinkhole at the Uralkali mine 
(Perm Krai, Russia) 
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a mixture, forming a rock mass, etc.); availability (availability in the right place, the optimal time and 
the required volume); environmental costs (transportation, storage, cleaning, etc.). 

The development of a deposit using a hardening stowing of the developed space allows solving 
the issues of mining deep horizons, deposits in a combined method, effective management of rock 
pressure, preservation of the water-proof thickness and exclusion of the formation of dips on the day 
surface [18], which increases the safety of mining operations [19]. Geotechnology with a stowing 
gives the following economic effects: an increase in the life of the mine and the completeness of the 
excavation. The use of man-made waste in the stowing mixture allows to obtain a number of envi-
ronmental effects: preservation of the day surface; utilization of man-made waste; reduction of the 
harmful effects of waste on the environment [20], and in total with the following economic results: 
no costs for the construction of waste rock dumps and tailings; exclusion of environmental deduc-
tions, etc. will lead to a multiplier effect [21]. 

It can be concluded that the creation of technologies for the extraction of potassium-magnesium 
salts using systems with a stowing based on enrichment waste and predicting the behavior of the 
underworked rock mass before the start of mining operations is an urgent task. 

When applying the technology with the stowing of the developed space, it is necessary to solve 
several main tasks: to determine the optimal strength characteristics of the stowing rock mass after 
solidification; to identify the composition of the stowing material; to solve the issue of the complete-
ness of filling the developed space with the stowing material. 

The development of a methodology for calculating the strength characteristics of the stowing 
rock mass, the creation of a model for extracting minerals and modeling the processes that occur 
during the extraction of minerals are among the main tasks of modern geotechnology. 

The main indicator of the stowing rock mass is its strength after solidification, when calculating 
which modern techniques rely on numerical modeling. 

The most acute issue is the development of salt deposits [2], for which a chamber development 
system is used with the abandonment of chain pillars. But this system has a number of disadvantages: 

• mineral losses up to 65 %; 
• environmental pollution due to the large volume of man-made waste; 
• constant redistribution of rock pressure due to the presence of voids and plasticity of the pillars; 
• violation of the day surface due to the destruction of the pillars and caving formation; 
• violation of the water-proof thickness and flooding of the mine. 
During the development of potash deposits and the subsequent enrichment of the extracted ores, 

a large amount of man-made waste is formed, which is stored in dumps and tailings on the surface. 
The use of geotechnology with a hardening stowing during the development of potash deposits will 
eliminate a number of disadvantages that arose earlier. The issues of using potash ore enrichment 
waste as an inert filler were disclosed in [1, 22]. Cement [23] and slags [24] were used as a binder 
when creating a stowing rock mass based on waste from the enrichment of potash ores. To improve 
the components properties of the filling mixture and increase the normative characteristics of the rock 
mass, the use of activation processing of components is proposed [25, 26] with preliminary repro-
cessing [27]. 

Modeling is increasingly used to predict various situations [28]. Modeling or comparative  
analysis of various processes in all fields of science and production is becoming widespread [29]. 

For research, a chamber development system with the chain pillars leaving with a three-stage 
excavation and subsequent stowing was selected as an object of modeling (Fig.2), in which the most 
complete extraction of minerals with the least losses is achieved at average ore body capacities. 

The subject of the study is the justification of the parameters of the technology of mining salt 
deposits and the determination of the strength characteristics of the stowing rock mass, as well as the 
establishment of the influence of stoping operations on the dynamics of deformation changes in the 
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underworked salt rock mass. Geotechnology with 
a stowing will minimize the development of 
cracks in the underworked salt rock mass and en-
sure the safety of the water-proof thickness, as a 
result of which it will protect the mine from emer-
gency flooding. Special focus is given to the com-
pleteness of the excavation and the use of enrich-
ment waste in the stowing, which will lead to an 
improvement in the qualitative and quantitative 
indicators of extraction and a reduction of man-
made waste on the surface. The initial stage for 
modeling processes is a virgin rock mass [30]. 

Deposits are worked out by a chamber develop-
ment system with the chain pillars leaving [31]. The 
stoping unit is worked out with chambers 4 m wide 
and 200 m long, leaving 8 m long inter-chamber pil-
lars. The worked-out chambers in the proposed 
model are filled with a hardening stowing. 

The inter-chamber pillars are worked out in two stages: first, a part of the pillar, equal to half of 
its width, is worked out between the worked-out chambers, followed by stowing with hardening mix-
tures, then the remaining part. After that, the developed space can remain open or be stowed (Table 1). 

 
Table 1 

 

The order of working out the chambers 

Number of chambers 1 2 3 4 5 6 7 8 9 

Stage of development I II III I II III I II III 
Width of the chamber, m 4 4 4 4 4 4 4 4 4 

 
Table 2 

Mining plan 

Stages/days 1 2 3 4 5 6 7 8 9 10 11 12 13 14 69 70 71 72 73 74 75 76 77 78 79 80 
I 1 2 3 4 5 6 7 8 9 10 1 2 3 4 59 60           
II                 1 2 3 4 5 6 7 8 9 10 
III                           
I  1 2 3 4 5 6 7 8 9 10 1 2 3 58 59 60          
II                  1 2 3 4 5 6 7 8 9 
III                           
I   1 2 3 4 5 6 7 8 9 10 1 2 57 58 59 60         
II                   1 2 3 4 5 6 7 8 
III                           

 

Stages/days 81 82 83 84 139 140 141 142 143 144 145 146 147 148 149 150 151 152 153 154 209 210 211 212 
I                         
II 1 2 3 4 59 60                   
III       1 2 3 4 5 6 7 8 9 10 1 2 3 4 59 60   
I                         
II 10 1 2 3 58 59 60                  
III        1 2 3 4 5 6 7 8 9 10 1 2 3 58 59 60  
I                         
II 9 10 1 2 57 58 59 60                 
III         1 2 3 4 5 6 7 8 9 10 1 2 57 58 59 60 

 

  
  

Note.   – working out and filling of chambers (10 days);   – stowing strength set (60 days). 
 

In addition to safe mining operations, the selected width of the chamber and the pillars should ensure 
the effective use of mining equipment. When using a stowing for a chamber development system with 
the chain pillars leaving it is possible to simultaneously work out several chambers along one conveyor 

Fig.2. Chamber development system with the chain  
pillars leaving with subsequent stowing 

for horizontal deposits of small and medium  
capacity 
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line, which increases productivity, and the stowing of the developed space reduces losses. Also, with the 
help of this technology, it is possible to adjust the hardening time of the stowing rock mass to the calcu-
lated strength (the maximum set is reached after 90 days). In the model, the strength set period was  
60 days. Taking such a time value, it means that the time gap during the development of neighboring 
chambers was 70 days, taking into account mining operations and the filling of workings; the depth 
of development is 1200 m. 

As follows from Table 2, the outcrop time is 10 days, during which the stoping chambers will 
be worked out (5 days) and prepared, and stowing works will be carried out (5 days). 

Before starting the construction of the model, analytical calculations of the elastic properties 
(Young's modulus, Poisson's ratio and strength characteristics of uniaxial compression) of the stowing 
were performed with the derivation of the dependence of time, loads and deformations to determine 
the interaction of the overlying roof rocks on the stowing rock mass (changes in the strength charac-
teristics of the stowing over time were taken into account). 

Taking into account the parameters of the strength set of the stowing, along with the dependence 
on pressure, there is an additional dependence of solidification and strength on time. 

The composition of the filling mixture is determined by the results of studies on uniaxial com-
pression and endometrium and depends on the normative strength of the homologated rock mass and 
the rate of strength gain during solidification. When choosing the composition, it is necessary to take 
into account the additional heating of the air in the chambers during hydration and the volume of 
drainage. In this model, the filling coefficient of the chambers with the stowing material was assumed 
to be 100 %. 

Methodology. An assessment of the stress-strain state of the mining system during the develop-
ment of steep-falling salt deposits was carried out. The studies results obtained by quantitative as-
sessment of the rock mass state (the Barton method) were used [32]. 

The analysis of the potential possibilities of crack development was considered in [31] in the 
conditions of a flat deformation state. 

When using the Roschlau and Heintze scheme [33], the Finite Element Method (FEM) is widely 
used to solve problems in the mechanics of solids capable of changing the surface area, shape, volume, 
and internal structure under the action of external forces [34]. The method of numerical modeling and 
finite elements is widely used in mining and geomechanics. Based on it, ITASCA Consulting Group 
has created the FLAC3D 5.01 program, which implements an idea of an existing system that differs 
from the real model, but is much closer to the algorithmic description. In order to reduce the estimated 
time and eliminate the influence of depth on the simulation results, a pseudo-volume model is used, 
since in modeling the depth axis is calculated in small values (up to 1 m). This model takes into 
account all the parameters of the studied rock mass, which characterize its properties and the dynamics 
of changes over time. With the help of FEM in the FLAC3D 5.01 program, stresses and deformations 
of various solids that arise as a result of the influence of internal and external forces are modeled, 
their calculated values are given and complex structural formations are investigated. 

The requirements for the strength characteristics of the stowing rock mass depend on the 
characteristics of the overlying rocks of the worked-out rock mass and are determined by the 
maximum rock pressure affecting the stowed chambers [35]. Rock pressure calculations are per-
formed using software based on the finite difference method (FLAC3D 5.01). The program was 
used to build three-dimensional models of various nonlinear properties of materials, as it is based 
on certain modeling parameters (fast Lagrange analysis of continuums in three dimensions). 
FLAC3D has a library or database with equations for describing various properties of materials 
and their changes. At the same time, it is possible to build models taking into account various 
factors: solidification time; plastic (material destruction criteria) and/or creeping properties of the rock 
mass; time of strength gain of the stowing rock mass; elastic properties of the stowing rock mass; elastic 
or plastic properties of ores and host rocks. 
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According to the modeling methodology 
developed by ITASCA Consulting Group, 
the geometric dimensions of the model  
are 5-8 sizes of the studied object [33]. The 
simulation section in consideration consists 
of 9 chambers 4 m wide and 4 m high, where 
the depth (distance along the y axis) is 1 m, 
since this model is presented as 2.5D. 

Accepted geometric parameters of the 
model (Fig.3): width – 180 m (x axis), depth – 
1 m (y axis). The thickness of the geological lay-
ers are: the overlying roof rocks (red) – 40 m; 
the salt layer being worked out (green) – 4 m; 
the underlying soil rocks (blue) – 10 m. 

The height of the underlying rocks of 10 
m was adopted for the research, since they 

have a significant impact on the dynamics of the redistribution of rock pressure loads in the soil of the 
mine workings. 

Table 3 
 

Physical and mechanical properties of materials in the model (creeping properties) 

Description Thickness, m Density, kg/m3 Poisson’s ratio E-module, 
MPа 

Structural  
parameters, s–1 Stress range 

Rock salt of the roof 40 2150 0.24 21300 1.65E – 15 5.3 
Potash layer 4 2000 0.20 19200 9.27E – 15 5.8 
Rock salt in the soil 10 2150 0.25 18900 9.28E – 14 3.7 

 
In the conducted research, an ideal elasto-plastic model was used, which is a generalization of 

an elastic and rigid-plastic medium with internal friction [3]. 
 

Table 4 
 

Physical and mechanical properties of the stowing rock mass (elastic properties) 
 

Description Density, kg/m3 Poisson’s ratio Pressure,  
MPa 

E-module,  
MPa 

Time,  
s 

E-module,  
MPa 

Stowing 
(enrichment waste, 

cement) 
2000 0.23 

0.0 25 0 75 

0.6 50 30 150 

1.2 75 90 300 

2.5 100 3600 300 

5.0 125 – – 

10.0 150 – – 

20.0 250 – – 

40.0 600 – – 

80.0 1200 – – 
 
In the modeling, power distributions in empirical data (Power Law) were used for various prop-

erties of rocks (creeping) and the stowing rock mass (elastic). The simulation load applied in the 
upper part of the model is 30 MPa, which corresponds to a development depth of 1200 m. Measurement 
points (in-situ measurements) were installed in the center of the chamber (point 1) at a distance of 12 m 
from the lower boundary of the model, in the roof of the mine working (point 2) 14 m and at a distance 
of 30 (point 3) and 50 m (point 4). Measurements of maximum stresses were carried out. 

The basis of the study was the determination of the deformation of the overlying roof rocks and 
the maximum stresses depending on time. 

Fig.3. In-situ measurements 

4 (50 m) 

3 (30 m) 

1 (12 m) 

Chambers 1 2 3 4 5 6 7 8 9 

2 (14 m) 



 

 

Journal of Mining Institute. 2022. Vol. 253. P. 61-70 
© Jaroslav Rybak, Marat M. Khayrutdinov, Dilshad A. Kuziev, Cheynesh B. Kongar-Syuryun,  

Nikita V. Babyr, 2022 

DOI: 10.31897/PMI.2022.2 

67
This is an open access article under the CC BY 4.0 license

When modeling the salt material, linear elastic deformation and stationary creeping were as-
sumed. To simulate creeping, the Norton function was used in the form of a power dependence, 
which makes it possible to reproduce the behavior of the dominant creeping. But this function does 
not take into account its symptoms caused by transients or damage. The geothermal gradient is taken into 
account by structural parameters in combination with the Arrhenius equation, based on the statement 
about the uniform temperature of rocks (the material and its characteristics are given in Table 3). 

The elastic material model was used when modeling a stowing in FLAC3D. The elasticity 
modulus for different values of pressure and time is given in Tables 3 and 4. 

Modeling taking into account linear elastic deformation, stationary creeping for ores and host 
rocks and elastic deformation of the stowing allows to adapt the behavior of the solid stowing material 
in the modeling in accordance with the test results. The effective elasticity modulus is interpolated 
from Tables 3 and 4. The coefficients given in Table 4 are taken from the results of M.Votyakov's 
research [22]. 

Discussion. On the graph (Fig.4) it can be seen that the maximum deformation of the roof was 
in chamber 3 and was 0.506 m, and the minimum – in chamber 4 (0.450 m). In chambers 1 and 9, the 
deformation of the roof was the smallest, they were excluded from analytical studies due to the fact that 
the purity of the experiment was violated in them – the chambers border on a virgin rock mass, which 
significantly affects the deformation. 

The simulation results showed that 95 % of the maximum convergence of the roof occurs up to 
213 days, after which the roof “sits down” on the stowing rock mass, which takes on the pressure of 
the overlying rocks. 

Figure 5 shows the changes in the maximum stresses for different chambers at the second meas-
urement point (in the roof of the mine workings). The graph shows that a sharp change in the stress 
state in the roof occurs up to 213 days. It means that at this time there was a final redistribution of 
rock pressure, which is confirmed by the previous study of deformation (see Fig.3). Figure 6 shows 
the maximum stresses as a function of time. The end of the stowing works for each chamber is taken 
as a reference point and the time interval of 7-60 days is considered, when the main strength set of 
the stowing material occurs. 

As follows from the graph (Fig.5), the highest expected stress (chamber 2) among the maxi-
mum is 11.1 MPa. These data allow to create a stowing rock mass with pre-known and necessary 
characteristics, taking into account the time of strength gain of the stowing rock mass and changes 
(redistribution) of rock pressure. 

Fig.4. Deformations in the second measurement point (in the roof at 14 m mark) depending on the time 
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After 213 days, the stowing has practically no noticeable deformations, the kinetics of rock pres-
sure slows down. In this model, using in-situ measurements at various points, the maximum stresses 
and deformations are determined, which will allow predicting the violation of the rock mass integrity 
(the formation of man-made fracturing) and the water-proof thickness of aquifers; the impact of min-
ing operations on the earth surface. Also, the method allows to determine the optimal value of the 
strength characteristics of the stowing rock mass, which will help to create it with pre-known, prede-
termined characteristics. This makes it possible to choose the optimal composition of the filling mix-
ture during the development of the deposit with the artificial maintenance of the stoping space. 

Conclusion. Civil construction and mining industries have the potential of waste-free pro-
duction, which determines the use of mid-products (man-made industrial waste) in a closed cycle 
of main and secondary production. For the balanced and harmonious exploitation of natural re-
sources, it is necessary to carry out technological and technical changes in industrial and mining 
productions, adjust the direction of investments, and change the vector of development of scientific 
and technical research. It should be taken into account that the use of geotechnology with a stowing 
during the development of salt deposits, along with the potential of waste-free production, allows 
improving the qualitative and quantitative indicators of extraction and increasing the safety of 
mining operations. 

Fig.5. Change of maximum stresses in the second measurement point in time for different chambers 
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Modeling in FLAC3D will help to predict changes in the stress-strain state of the underworked 
salt rock mass, assess the possibility of cracks and ensure the safety of the water-proof thickness, 
protect the mine from flooding, which will increase the safety of mining operations. The use of nu-
merical modeling allows to select the parameters of the mining technology. 
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