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Abstract. In the development of practically all potash salt deposits, the study of gas-dynamic phenomena (GDP) is 
one of the most difficult tasks to ensure mining safety. Sudden salt and gas outbursts, dynamic breakdown, which are 
accompanied by intense gas release and possible broken rock carry-over into the mine workings, are associated with 
GDP. Geological preconditions for the GDP development are often the layered structure of the salt rock mass, the 
presence of interlayers and layers of salt clays. 
For the conditions of the Usolsky potash plant mine, complex studies of factors that characterize the possibility of 
gas-dynamic roof fall of the stoping rooms were carried out. In mine studies, free gases pressure and the initial velocity 
of gas release in the rocks of the roof workings were determined. The obtained experimental estimations were used 
as a parametric basis for mathematical modeling of geomechanical processes under conditions of a near-contact 
accumulation of free gas. 
The deformation of a layered salt mass produced by a room development system was described by the model of an 
ideal elastic-plastic medium with internal friction. The parabolic envelope of Mohr circles was used as a plasticity 
criterion in the compression area. In the numerical implementation, the deformation of clay contacts was modeled by 
Goodman joint elements. Based on the results of multivariate numerical calculations, it is established that the main 
factors determining the possibility of implementing GDP are the additional gas pressure at the contact, the width of 
the workingspan, and the distance from the roof to the first gas-containing contact. With multi-level lamination of 
roof rocks, there is a danger of large sources of GDP formation and the mechanism of successive fall of layers in an 
instant mode is implemented. 
 
Key words: potash mines; gas-dynamic phenomena; stress-strain state; mathematical modeling; failure criteria 
 
Acknowledgement. The work was supported by the RFBR (grant N 18-05-00371 A) and state task N 0422-2019-
0148-C-01. 

 
 
Introduction. One of the urgent tasks of safe and efficient development of potash ore deposits 

is the study of gas-dynamic phenomena [1, 13, 16, 19, 20, 22]. Over the past decades, more than 
500 gas-dynamic phenomena with an intensity of up to 5500 tons have occurred only at the potash 
mines of the Verkhnekamskoye (Russia) and Starobinskoye (Belarus) deposits during the stoping of 
silvinite layers [2, 4, 7, 11]. 

GDP at potash salt deposits are localized rock breakdown in the form of sudden salt and gas 
outbursts, roof rock falls (soil rock breakdown), combined type phenomena and bottom-hole rock 
squeezes, in most cases, they are accompanied by intense gas release, and sometimes the broken 
rock carry-over into the mine working for a considerable distance (more than 100 m). Due to the 
suddenness, significant power, and presence of damaging factors in the form of rock fragments flying 
at high speed, air shock waves, and released combustible gases, GDP can lead to catastrophic 
consequences and fatal outcomes [2, 11]. 

In the total number of GDP that occurred at the mines of the Verkhnekamskoye and Starobin-
skoye potash deposits, phenomena associated with the sudden breakdown of the roof and (or) soil of 
mine workings prevail. Their share in the total number of GDP is about 70 %. 

The practice of mining operations and research has established that the geological precondi-
tions for the GDP development of this type is the layered structure of the salt rock mass – the 
presence of interlayers and layers of salt clays (halopelites) in the rocks of the roof and soil of mine 
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workings, the thickness of which can reach tens of centimeters. Near-contact accumulation of free 
gas is associated with the haloperidolum interlayers and layers as well as lithological differences of 
salt rocks. During undermining (overworking) of free contact gases accumulations the conditions 
for GDP [8, 11] are being created. In this regard, a very important element of the GDP risk analysis 
is the study of quantitative gas-dynamic characteristics of a layered mass of salt rocks, which in-
clude: the gas content of rocks for free gases, free gases pressure and the initial velocity of gas re-
lease. The velocity of gas release is used directly to develop criteria for current risk forecasting of 
the GDP development in the bottom-hole zone of the mine working. 

Full-scale experimental studies of the gas content of salt rocks by free gases, free gases pres-
sure and subsequent theoretical studies were conducted for the conditions of the Usolsky potash 
plant mine field, where eight gas-dynamic phenomena occurred in the form of sudden roof rocks 
falls accompanied by gas release since the beginning of preparatory and stope mining operations in 
the period 2018-2019. 

Gas content and gas-dynamic characteristics of rocks. Natural hazards in potash mines as-
sociated with GDP are determined by the gas content of potash layers and host rocks. Gas content is 
characterized by the volume of gas per unit mass or rock volume, and its component (chemical) 
content. By the nature of the connection with the salt rock, natural gases are divided into free and 
bound. Free natural gases are found in open macropores and rock cracks under pressure that theo-
retically reaches the magnitude of the stresses acting in the rock mass. Bound gases are contained in 
salt rocks in the form of microscopic bubbles inside salt rock crystals (intracrystalline), in closed 
micropores between crystals (intercrystalline), and in the sorbed state on the surface of crystals, 
pores, and cracks [4, 8-11]. 

It is established that natural gases in the working-out layers, host rocks, and non-working sil-
vinite and carnallite layers located in between the layers, roof, and soil are distributed extremely 
unevenly [2, 11]. In practice, there are areas of potash layers that contain almost no gas, but there 
may also be local accumulations of free gases up to several thousand cubic meters in volume asso-
ciated with areas of geological anomalies (cracks and caverns, zones of intense folding, substitution 
of some salt rocks by others, areas of distribution of mixed salts (silvinite + carnallite), etc.). The 
component content of gases from potash salt deposits is a complex mixture of combustible and inert 
gases, the components of which are nitrogen, methane, hydrogen, and methane-series hydrocarbons 
[4]. Based on the results of previous studies, it was found that the content of bound gases varies 
from thousandths to 0.4 m3, and free gases-from almost zero to tens of cubic meters of gas per 1 m3 
of rock. Thus, in most cases, the predominant value in the total gas content of salt rocks is free gas. 
Only free gas takes part in the mechanism of gas-dynamic phenomena, since the transition to the 
free phase of bound gases requires the dissolution of salt rocks, or their grinding to a dusty state, 
which is not observed during mining operations. 

In the conditions of the Usolsky potash plant mine, experimental studies of gas content by free 
gases and gas-dynamic characteristics of silvinite layers KrII and KrIII and also roof rocks of mine 
workings were carried out. Determination of rock gas content, free gas pressure, and initial gas re-
lease rate was performed on three panels by mine instrumental observations of gas outbursts from 
32 boreholes and wells with a diameter of 42 mm drilled in mine workings with simultaneous sam-
pling of free gas. Based on the results of experimental studies of gas-dynamic characteristics, it was 
found that free gases pressure in the roof rocks of the KrII layer varies from 0.22 to 0.46 MPa, and 
the KrIII layer-from 0.19 to 0.36 MPa. An example of the free gases pressure distribution in the 
roof rocks of the KrII layer is shown in Fig.1. 

The initial velocity of gas release in the roof rocks of the KrII layer varies from 0.13 to  
2.55 l/min, and the KrIII layer – from 0.12 to 0.69 l/min. 
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The results of mine experimental studies allowed to 
quantify the gas content of the free gases of the roof rocks 
of the mine workings drifting through the layers of KrII 
and KrIII and also to distinguish the intervals of the loca-
tion of gas-bearing rocks in the roof rocks from the geo-
logical section. The free gases pressure values are set in 
the intervals of gas-bearing rocks in the roof of mine 
workings. The obtained experimental estimates provide a 
parametric basis for mathematical modeling of geome-
chanical processes under conditions of a near-contact ac-
cumulation of free gas. 

The main methodological provisions of geome-
chanical analysis. The assessment of the possibility of 
GDP implementing in the mine working roof is based on 
mathematical modeling of changes in its stress-strain 
state and a criterion assessment of rock breakdown during 
the development of gas-saturated inhomogeneous layered 
rock mass [6]. 

The rock mass lamination along the boundaries of 
layers and clay interlayers occurs due to roof deformation 
during excavation behind the front of stoping operations. 
When one or more clay contacts open, gas from the surrounding mass migrates into the formed cavity 
(Fig.2). The measurement results show that the gas pressure in the open contact exceeds the atmos-
pheric pressure in the mine working, which means that it makes an additional contribution to the 
roof fall. It is obvious that for any mining and geological conditions and physical and mechanical 
properties of rocks, it is possible to determine the maximum gas pressure P in the opened contact, at 
which the GDP can be realized. 

When analyzing the stress-strain state of the under-worked layer, the irreversible nature of salt 
rocks deformation was described by the model of an ideal elastic-plastic medium with internal fric-
tion. The parabolic envelope of Mohr circles was used as a yield criterion in the compression area 
[21]. Then the condition for localization of plastic deformations is the fulfillment of the equation 

,])(22[)( ccstmax  tttt  
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Fig.1. The free gases pressure distribution 
in the roof rocks of the KrII layer 
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1 – layers boundaries, clay interlayers; 2 – rock salt; 3 – silvinite; 4 – carnallite; аʹ – room width; bʹ – pillar width 

a b 

3 1 2 4 

Stoping rooms Pillars 



 

 

Journal of Mining Institute. 2020. Vol. 246. P. 601-609  
Alexander A. Baryakh, Sergei S. Andreiko, Anton K. Fedoseev 

DOI: 10.31897/PMI.2020.6.1 

604 
 

in the tension area 
σ1 = σt, 

 

where τmax = (σ1 – σ3)/2 – maximum shear stress; σ = (σ1 + σ3)/2 – normal stress; σс – compression 
strength; σt – tensile strength; σ1, σ3 – the main stresses determined by the results of mathematical 
modeling. 

Note that the zones of plastic deformations localization, as is customary in geomechanics, are 
identified with the processes of crack formation, respectively, due to shear and tension. 

In the numerical implementation, the deformation of clay contacts between layers was modeled 
by Goodman joint elements [23, 24]. The relation of the normal to contact stress σn with the corre-
sponding deformation δn described by a linear equation 

 

σn = kn δn, 
 

where kn is the normal contact stiffness, for δn > 0 the contact was considered open and kn = 0 
was assumed. 

For tangential stresses τs, acting along the contact line, the relation to the shear strain δs was de-
termined by a three-link piecewise linear approximation: 
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where ks is the shear contact stiffness; km is the shear contact stiffness in the softening area; kp is the 
peak contact strength;   is the residual strength. 

Ultimate joint shear resistance (peak strength) was calculated according to the Coulomb equation: 
 

τp = Cj + σntgj, 
 

where Cj is the adhesion coefficient of the contact; j is the angle of internal friction of the contact. 
Under the action of tensile stresses on the contact, it was assumed that the contact "opened" and its 
shear strength decreased to zero (kn = ks = 0). 

The gas flow was modeled by a gradual increase of the pressure P in the open part of the con-
tact. At each step of the pressure increment, a quasi-static problem was solved to determine the in-
crement of displacements and stresses. 

As the first condition for the rocks fall into the developed space, the exit of the tensile stresses 
action zone to the outcrop was assumed [14]. This criterion was implemented by a special organiza-
tion of the computational iterative process: at each iteration, the finite elements adjacent to the roof 
boundary of the developed space were excluded (reset). 

If the area of shear fracturing reaches the "opened" clay contact, the rocks fall into the devel-
oped space [6]. Consideration of this collapse criterion is also implemented in the calculation pro-
cedure by localization and subsequent exclusion from calculations of areas bounded by an "open" 
clay layer and zones of shear fracturing. 

The accepted approaches were previously tested when modeling lamination and fall of the roof and 
soil of workings for the conditions of the Verkhnekamskoye and Starobinskoye potash deposits [15]. 

In relation to the Usolsky potash plant mine conditions, the initial room mining of the silvinite 
layer KrII was considered. The rooms width was 5.5 and 3.2 m. The inter-room pillars width varied 
from 5.8 to 8 m for room width 3.2 m and from 8.6 to 14.6 m for room width 5.5 m. Average ex-
traction height made 5.5 m.  

A specific section of the productive strata is shown in Fig.2, a. Physical and mechanical prop-
erties of salt rocks and clay layers were determined based on the results of laboratory tests (table.1) 
[17]. Mechanical characteristics of clay contacts were taken according to the data of specialized la-
boratory studies [3] (Table 2). 
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Table 1 
 

Physical and mechanical properties of salt rocks 
 

Rock Modulus of deformation E, 
GPa Poisson ratio v Specific weight γ, N/m3 Compression strength σс, 

MPA Tensile strength σt, MPA 

Rock salt 1.0-1.2 0.3 0.0215-0.0222 20.6 1.06 
Clay 0.1 0.4 0.0220 13.7 0.90 
Sylvinite 0.9-1.0 0.3 0.0218 19.6 0.83 

 
Table 2 

  
Characteristics of clay contacts 

 

Normal load  
σn, MPA 

Shear strength τр, 
MPa 

Deformation  
at ultimate strength 

δр, mm 

Vertical displacement  
at ultimate strength δп, 

mm 

Residual shear 
strength τ*, MPa 

Shear stiffness 
at ultimate strength ks, 

GPa/m 

Stiffness  
softening km, 

GPa/m 

2 1.60 0.98 0.14 1.29 1.63 0.06 
3.5 2.17 1.21 0.29 1.79 1.79 0.08 
5 2.93 1.27 0.25 2.62 2.31 0.13 
10 5.12 2.00 0.51 4.91 2.57 0.10 

 
At this stage of the analysis, we considered an extended stoping room located in the zone of 

full underworking (Fig.2). This allowed limiting the two-dimensional presentation of the problem 
and significantly reduce the amount of computational resources when the problem was symmetrical. 

The worked-up salt layer was under the mass forces influence with the intensity γi (γi is the 
rocks density). At a distance of 3m (m is the extracted height) above the room roof, the rock mass 
was replaced by the weight of the overlying thickness, which significantly reduced the size of the 
calculated area and, accordingly, reduced the time spent on mathematical modeling. Zero horizontal 
displacements were set on the side boundaries, and vertical displacements were assumed to be equal 
to zero on the lower boundaries. 

Numerical implementation was performed by the finite element method in displacements [18] 
with discretization of the considered area into first-order triangular elements. The finite element so-
lution of the elastic-plastic problem was based on the secant matrix method [12]. 

The mechanism for implementing GDP when opening a single contact. The nature of mine 
roof fall due to the one clay contact opening and the increase of the gas pressure in it, is shown on 
the example of stoping room with the width of 5.5 m and the pillar width of 8.6 m (Fig.3). The dis-
tance from the contact to the mine roof is 0.9 m. When the contact is opened and there is gas pres-
sure in it, there is a slight rocks fall from the central part of the roof. In the edge parts of the opened 
contact, an area of fracturing begins to form due to the action of tensile stresses (Fig.3, a). With in-
creasing pressure (Fig.3, b), an area of destructive tensile stresses develops from the contact to the 

 

Fig.3. Fall formation from the roof of the mine working due to a gas pressure increase in the opened clay contact 
1 – crack formation area in the roof of the mine working; 2 – caved rocks; 3 – opening of contacts; 4 – developed space 
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room roof. At this stage, there is no further rocks fall 
from the mine roof. Precritical condition (Fig.3, c) is 
characterized by a significant expansion of the frac-
ture area around the contact, it is "growing" not only 
towards the mine working, but also up to the section, 
and also localization of the destruction in the zone 
of maximum contact opening (the central part of the 
contact). At this point, the roof rocks fall of the mine 
working is again observed. After the fracture zone 
reaches the boundary of the developed space, a mass 
roof rocks fall occurs (Fig.3, d).  

Due to the roof fall to the clay contact, the stress-
strain state of rocks in the vicinity of the room 
instantly changes, which can lead to the fall of rocks 
lying above the clay layer. As the distance from the 
roof to the opened contact increases, the intensity of 
the possible fall increases. At the same time, due to 
an increase in the critical pressure required for the 
GDP implementation, the probability of a sudden 
release decreases (Fig.4). As it can be seen from 
Fig.4, a decrease in the room span leads to a signifi-
cant increase in P, which is necessary for the imple-
mentation of a sudden roof rocks fall. Changing the 
pillars width, as shown by the calculations, does not 
have a significant impact on the risk of GDP imple-
menting. For example, the critical gas pressure in a 
contact lying at a distance of 0.9 m from the roof, 
with a room width of 5.5 m, is about 1 MPa for both 
an 8.6 m wide pillar and a 14.6 m wide pillar. When 
working out the stoping rooms with the Ural 61-A 
combine (a = 3.2 m) at the same distance to the con-
tact, the pressure is at the level of 2 MPa with a 
width of 5.8 and 8.0 m. 

Modeling of the GDP formation in multi-
tiered roof lamination. When estimating lamination 
by multiple contacts, the most prominent clay interlay-
ers and layer boundaries typical for the productive ge-
ological section of the Usolsky potash plant mine were 
integrated into the model. 

According to the results of measurements of the 
free gases pressure in the roof rocks, there are no regu-
larities in the distribution of this parameter from the 
distance to the roof (see Fig.1). Thus, with multiple 
lamination, the pressure increase in all open contacts 
was assumed to be constant. 

An obvious condition for the GDP formation in a 
clay layer is its opening, only after that gas from the 
surrounding mass can begin to migrate into the clay 
contact. This means that, all other things being equal, 
the intensity of lamination in the roof can serve as an 
indicator of the possibility of GDP formation. 
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Multivariate calculations have shown that the intensity of lamination along the clay contact and 
layer boundaries primarily depends on the rooms width. With a room width of 5.5 m (Fig.5), for the 
conditions of the Usolsky potash plant mine, lamination can occur to a height of up to 3.5 m above 
the roof of the mine working, which significantly increases the probability of a large sources of 
GDP formation. At the same time, changing the pillar width practically does not affect the intensity 
of the lamination. 

The roof falls of the mine working due to the gas pressure increase during multi-tiered lamina-
tion (Fig.6) at the initial stage, is similar to the GDP implementation when one contact is opened: in 
the edge parts of the opened contact closest to the roof, a fracture area begins to form due to the ac-
tion of tensile stresses (Fig.6, a). With increasing pressure (Fig.6, b), the area of destructive tensile 
stresses develops from the contact to the room roof and its "grow" up to the section occurs. At this 
stage, the nature of the rocks destruction in the roof of the mine workings is indistinguishable from 
the single contact discussed above due to the fact that the pressure in it restrains the lamination of 
the above-lying contacts. After the fracture zone reaches the roof of the mine working, the roof 
rocks fall occurs (Fig.6, c), the fall is limited by the last contact to which the fracture zone has 
spread. This causes the intensification of lamination in the overlying clay layers and even the open-
ing of previously completely closed contacts (Fig.6, d), which leads to further roof fall up to the 
formation of a stable or relatively stable state (Fig.6, e). It is obvious that the roof in fig.6, d is in a 
relatively stable state only according to the formal procedure of numerical calculations. Successive 
falls of layers occur in instant mode. The states shown in Fig.6, c, d and e are realized simultane-
ously one after the other when the critical gas pressure is reached. 

The obtained character of a multi-tiered GDP formation, namely, the dominance of the open 
contact closest to the development at the stage before the fall, is confirmed by the similarity of the 
previously obtained curves of the dependence of the critical gas pressure on the distance to the open 
contact (see Fig.4) and graphs of the dependence of the critical pressure on the distance to the first 
opened gas-saturated contact in multi-tiered lamination (Fig.7). This allows to extend the obtained 
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Fig.6. Stages of implementation of a multi-tiered GDP from the roof of the mine working  
with multiple lamination of clay contacts. For symbols, see figure 3 
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regularities in the GDP implementation for a sin-
gle contact opening to the case of a multi-tiered 
lamination. 

Conclusion. Multivariate geomechanical mode-
ling of the process of GDP formation and assess-
ment of the conditions that determine the prerequi-
sites for sudden salt and gas outbursts from the roof 
of mine workings allowed to obtain the following 
results: 

1. The presence of clay contacts in the roof 
of the mine working can lead to the GDP forma-
tion in them, followed by the rock fall into the 
developed space. 

2. The main factors that determine the possi-
bility of GDP implementing are: additional gas 
pressure at the contact, the width of the mine 
working span and the distance from the roof to the 
first gas-saturated contact. At the same time, the 
width of the inter-room pillars does not signifi-
cantly affect the GDP risk.  

3. With multi-tiered lamination of roof rocks, there is a risk of a large sources of GDP forma-
tion. In this case, the mechanism of successive layers fall is implemented, which occurs in an in-
stant mode.  

4. The intensity of lamination in the roof of the mine working, even without the influence of 
the gas factor, allows to give recommendations for depth of preventive degassing boreholes drilling. 
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