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Monolithic concrete is the most popular mine shaft lining type because of its ability to endure rock
pressure effects and exclude large deformations of shaft walls. In the case of starting the reverse
ventilation mode in the winter season, a significant negative temperature difference may occur between
the warm shaft walls and cold air injected from the outside. This temperature difference may have adverse
impacts on the concrete lining, inducing high tensile stresses. In this paper, the stress-strain state of the
concrete lining and rock mass surrounding the mine shaft are investigated to evaluate the strength of the
lining during reverse ventilation mode in winter. In this study, we consider a ventilation shaft with the
surrounding concrete lining and rock mass; both solid and concrete are assumed to be isotropic and
homogeneous, and their thermodynamic properties are independent of temperature. This allows us to
present this scenario as a two-dimensional problem. The temperature drops in the lining and rock mass
are believed to be the only significant factor affecting the stress-strain state of the system. When
calculating the temperature of both lining and rock mass, the following is taken into account: conductive
heat transfer in the rocks and lining, the heat exchange of the lining and rocks with atmospheric air, and
the heat exchange of the lining with the mine air. The presence of moisture in rock mass is not
considered. Numerical simulation results indicate that the concrete lining is more exposed to tensile
stresses acting in the vertical direction. The width of the pre-fracture zone of the lining nonlinearly
depends on the duration of the reverse ventilation mode. It was found that with an increase in the air
temperature in the shaft, the width of the pre-failure zone of the lining decreases, and the permissible
duration of the reverse mode significantly increases.
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1. Introduction

Currently, the most common way to increase the strength of vertical mine shafts is via the construction of
monolithic concrete structures (i.e., linings) along the entire perimeter of the shaft [1, 2]. The lining counters
the lateral pressure exerted by the surrounding rocks, thereby protecting shaft walls from possible destruction
[3].

The temperature regime of the concrete lining during long-term exploitation of the shaft is primarily
determined by the temperature of the air within the shaft [4, 5], which may vary substantially depending on
the season.

One of the factors of a sharp and significant change in the air temperature in the shaft can be the reversal
of airflow in the mine for the purpose of ventilation. When the reverse ventilation mode is started, the
direction of the airflow changes in all (or almost all) mine workings and, in particular, in the shaft. In the
event of an emergency (for example, a fire), this ventilation mode makes it possible to remove harmful gases
via the shortest route, i.e., through the air supply shafts to the surface, to prevent poisoning of miners [6, 7].

However, in the winter season the reverse mode can create a significant temperature difference between
the warm shaft walls and the cold air blown from the outside . This temperature difference may exceed 50 °C
(which is most typical of mines in northern latitudes). This is due to the fact that the ventilation shafts are not
equipped with air handling systems [8, 9], which would heat the intake air using heat exchangers and allow a
predetermined air temperature to be maintained in the shaft. In this situation, a negative temperature
difference can adversely affect the shaft lining, resulting in large thermal deformations. The possibility of
such a phenomenon is described in [10-12].

Considering that the monolithic concrete lining has a low tensile strength (an order of magnitude lower
than that of compression strength) [13], the tensile stresses that arise with a sharp drop in temperature could
potentially lead to a dangerous situation where cracking and destruction of the shaft lining occurs. Therefore,
the question of determining the maximum permissible temperature changes in vertical mine shafts, i.e., the
conditions at which the monolithic concrete lining retains its integrity and load-bearing capacity, becomes
more urgent.
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The purpose of this workis to study the stress-strain state of concrete lining and rock mass surrounding
the mine shaft, and to assess the strength of the concrete lining when reversing the airflow in the mine shaft
in the winter season.

2. Formulation of the problem
2.1. Identification of model situation

In this study, we consider a ventilation shaft in the form of a cylinder 8 m in diameter of with
surrounding concrete lining and rock mass at a depth interval from 0 to 100 m. We assume that the rock mass
and concrete are isotropic and homogeneous.

This assumption is acceptable both for the use in relation to the surrounding rock mass, as this largely
comprises basalt rocks with similar thermophysical and mechanical properties at the selected depth interval,
and to concrete. Concrete is also considered to be an isotropic and homogeneous material due to the
technology used for constructing monolithic concrete linings using formwork (i.e., a homogeneous concrete
mixture is placed in the space behind the formwork). Furthermore, due to the limited initial data, the
thermodynamic properties of the rock mass and concrete are assumed not to be temperature-dependent. In
addition, the condition of frictionless contact at the boundary between the concrete lining and rock mass is
assumed. The condition of frictionless contact at the boundary is physically justified by the fact that, in
reality, the contact surface is uneven and, as a result, the sliding of concrete relative to rocks is impossible
without loss of rock mass continuity [3].
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Fig. 1. Schematic representation of the model’s (a) geometry, (b) computational domain, and (c)
boundary conditions.

The aforementioned hypotheses allow the model to use the property of spatial symmetry, thereby
reducing the number of spatial dimensions of the problem to two (Fig. 1). All calculations are performed in a
cylindrical coordinate system, Orez .

In this study, the influence of the horizontal pressure of the surrounding rocks is not considered. This is
due to the fact that the model is based on the near-surface section of a mine shaft over a relatively small
depth, as well as the fact that at these depths the rock mass is represented by hard rock types (basalts) with a
relatively low lateral thrust coefficient. As a result of preliminary qualitative assessments, it was found that
the lateral pressure on the concrete lining [14] is an order of magnitude smaller than the stresses
corresponding to temperature deformations relating to a drop of 50 °C. Thus, the temperature difference at
the boundary between the concrete lining and the rock mass is likely to be the only significant factor
affecting the stress-strain state of the lining and rock mass. However, it should be noted that this would not
be the case when analyzing deeper sections of the shaft.

The analysis of the temperature distribution in concrete lining and rock mass includes the following
physical factors: conductive heat transfer in the volume of rocks and shaft lining, heat exchange between the
lining, rocks, and the atmospheric air, and heat exchange between the lining and mine air are considered. It is
assumed that the rock mass does not contain moisture.
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2.2. Heat transfer model in concrete lining and rock mass

To calculate heat transfer in the concrete lining and rock mass, the energy balance equation is used in the

following form:
or 190 oT of(ar
—= a(ryr— [+a(r)—| — |, 1
ot rar(() arj ()az(azj @

r(r)
c(r)p(r)
m?/s; A — thermal conductivity coefficient, W/(m-°C); ¢ — specific heat capacity, J/(kg-°C); p —
density, kg/m3; r — radial coordinate, m; and z — vertical coordinate, m.

The thermal diffusivity coefficient describes the change in thermophysical properties along the radial
coordinate (i.e., horizontally) during the transition from the concrete lining to the rock mass. As a result, the

coefficient is set using the approximate Heaviside function H(r):

where: t— time, s; T=T(r,z,t) — temperature, °C; a(r)= — thermal diffusivity coefficient,

a(r)=a,(1-H(r-r,))+a,H(r-r,),

H(r)=0001+ 0999
1+exp(-5r)

where a_, a, — thermal diffusivity coefficients of the concrete lining and rock mass, respectively, m?/s;

and r,, — radial coordinate of the contact boundary between the concrete lining and rock mass, m.

Such a representation of the Heaviside function is necessary for averaging and smoothing the shaft wall
irregularities that are formed during shaft sinking prior to construction of the lining. The functionparameters
are based on the available data on the irregularities of the shaft walls as a result of penetration ; its average
value is on the order of ~ 0.1 m.

Equation (1) is supplemented by the following initial and boundary conditions:

Tlo=To(2),
%r_rm =2(1(2)-T). T, =T(2), @
T emeon. I -
Oy, A ozl,, .,
where: T, — temperature of concrete lining and rock mass in natural conditions, °C; T,; T,

temperatures of the mine shaft air and atmospheric air, respectively, °C; o,, a, — heat transfer coefficients
through the shaft wall and the boundary with atmospheric air, respectively, W/(m*°C); r. — radial
coordinate of the contact boundary of concrete lining with the shaft, m; r,, — radial coordinate of the outer
boundary of modeled rock mass, m; z,, — vertical coordinate of the heat transfer boundary with atmosphere
air, m; and z ,,, — vertical coordinate of the lower model boundary at a depth 100 m. A visual representation

of the boundary conditions in (2) can be seen in Figure 1c.
The atmospheric air temperature is set in the form of a sinusoidal curve of seasonal fluctuations from a
maximum value of 18.5 °C in the warmest period to a minimum of —47 °C observed in winter:

T,(t)=-14.25-32.75sin| 27| ————— |+ 2 |.
365-24-60-60 ) 2

Mine air temperature in normal ventilation mode was obtained by solving the network distribution
problem of air flow rates and air temperatures in the mine, carried out in the Aeroset software package [15]:

T,(2)=19.84-0.0041z .
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The temperature of the concrete lining and rock mass in natural conditions is represented by the following
relationship (based on experimental data on geothermics) [16]:

T,(2)=-2.53-0.024z

The mathematical model of heat transfer described above was used to find the temperature distribution in
the shaft lining and rocks during the normal shaft ventilation mode. For the normal mode, the horizontal
length of the rock mass domain was taken to be equal to 55.2 m. However, in the case of the reverse mode,
the computational domain has a shorter length of rock mass in the radial direction, i.e., 2.3 m. This change in
the computational domain when simulating the reverse mode is chosen because the reversal time is short
compared to the duration of the operating time of the shaft in the normal ventilation mode. Perturbations of
the thermal field, therefore, do not have time to propagate through the rock mass to a significant depth. This
geometry is also used in later stages of the study to determine the stress-strain state of the concrete lining and
rock mass.

In addition to changing the computational domain, the boundary conditions are corrected when the
transition to reverse mode occurs. Namely, the air temperature at the shaft wall is set equal to the atmosphere
air temperature, and the temperature at the outer boundary is fixed, based on the value obtained from the
calculation in the normal ventilation mode. The latter condition is valid because the change in the
temperature field will not have time to propagate to reach the new outer boundary of the rock mass. In other
aspects, the mathematical model of heat transfer for normal and reverse modes is the same.

The thermophysical parameters used in the numerical solution of the heat transfer problem are given in
Table 1.

Table 1. Thermophysical parameters

Parameter Units Value
Shaft diameter m 8
Concrete lining thickness m 0.80
Rock mass density, p, kg/m? 2720
Rock mass specific heat, ¢, JI(kg°C) 850
Rock mass thermal conductivity, », W/(m-°C) 1.95
Concrete lining density, o, kg/m? 2400
Concrete lining specific heat, , JI(kg-°C) 880
Concrete lining thermal conductivity, », W/(m-°C) 1.20
Air velocity in the shaft m/s 3;; Epeovrgr]:el mggg
Heat transfer coefficient at the shaft boundary, «, W/(m?*°C) 13.75 (normal mode)

10.98 (reverse mode)

Heat transfer coefficient at the atmosphere

2.0
boundary, o W/(m*-°C) 1.20
Shaft operating time in normal mode year 6
Maximum shaft operation time in reverse mode hour 24

Thus, by solving equation (1) together with boundary conditions (2), first for the normal ventilation
mode, and then for the reverse mode, it is possible to establish the dynamics of the temperature field of the
concrete lining and rock mass. Further, we will use the obtained information to calculate the stress-strain
state in the shaft lining and rock mass.

2.3. Mechanical model of concrete lining and rock mass

The problem of determining the stress-strain state is solved in a two-dimensional axisymmetric
formulation [17-19]. Symmetry is considered relative to the angular coordinate ¢ . In this case, the

displacement components can be written as follows:

223




S.A. Bublik et al. Computational Continuum Mechanics. 2021. Vol. 14. No. 2. pp. 220-232 DOI: 10.7242/1999-6691/2021.14.2.19

u =u(r,z), u,=0, u,=ulrz), (3)

where u,, u,, u, — radial, angular, and vertical displacements, respectively, m

The relationship between strains and displacements is expressed under the assumption of linearity of
strains, which makes it possible to use the equations of the linear theory of elasticity in the framework of the
above axisymmetric formulation:

ou, _u ou,
ool ™ o " 7
1( ou, 6u
&,=0, ¢,== g, =0,
’ 2\ oz ar v

where ¢; (i=(r,z), j=(r,z)) — strain tensor components.

Considering equations (4) and temperature stresses, the equations of state of a solid can thus be written in
the following form:

o, =(K+

2
GJerr +(K —Eej(gw +£,)-3KaAT,

o :(K+:Gj5 +( —%Gj(errJrgzz)—SKaAT,

4 2
UZZ:( 3 j [ _E j r+<9W)—3K05AT,

= o, c,, =0.

®)

where: o; (i=(r,z), j=(r,z))— stress tensor components; K — bulk modulus, Pa; G — shear modulus,
-

normal

Pa; o — linear thermal expansion coefficient, 1/°C; AT =T,

reverse

— temperature difference, °C; T,
— temperature of the computational domain at the time corresponding to the end of the normal ventilation
mode, °C; and T, — temperature of the computational domain at a given time from the start of the reverse
ventilation mode, °C.

Considering the assumption regarding the static state of the concrete lining and rock mass, introduced in
Section 2.1, it is also possible to determine the stress-strain state of the lining and rocks using the equilibrium
equations:

oo 1 80‘w oo Oy — O,

p "o 5 4 5 oy 99 _ 0,
rr op z r
(6)
aarz 1 ao-!ﬂz aGzz Oy
+= + +—2=0.

o r ogp 0z r

To simplify the solution of equations (6), it is necessary to rewrite both equations in terms of displacements.
This can be easily achieved using equations (4) and (5).

When starting the reverse operation mode, the largest temperature difference occurs at the shaft boundary,
due to the rapid cooling of the air in the shaft to atmospheric temperature. The change in the temperature
field in the shaft and the surrounding rock mass will, therefore, occur mainly in the radial direction. In this
scenario, we assume that the temperature change will mainly affect the radial component of displacements
and is dependent only on the radial coordinate (this hypothesis will be further tested). Thus, equations (3)—
(5) can be written as:

u =u.(r), u,=0 u,=0; (7
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Based on (9), the equilibrium equations are reduced to a single expression:

w _, (10)

The model is supplemented with the boundary conditions for zero radial stresses on the shaft wall and
zero radial displacements at the outer boundary of the rock mass:

I"'|r:ri” = 0’ ul’|r:ruu‘ =0. (11)

O

The system of equations (8)—(10) ultimately reduces to a second-order ordinary differential equation with
respect to one unknown function ( u, ) and two boundary conditions (11), therefore, the problem is defined.

It should be noted that our description initially discussed a two-dimensional formulation of the problem,
according to which, in the general case, it is also necessary to take into account two additional boundary
conditions — zero shear stresses o,, at the boundary r, and zero angular displacements u, at the boundary

r,.- 1he above equations, i.e.,(7)—(9), indicate that these conditions are also fulfilled.

Equation (10), together with boundary conditions (11), is solved with respect to displacements. This
makes it possible to find the field of the u, component, and, further, using relations (8) and (9), the stress and

strain field components can also be calculated.

To assess the strength of a concrete lining when exposed to thermal stresses, the first theory of strength
was used, i.e., a dangerous state will occur when the highest absolute value of normal stress exceeds a
specified permissible value [13]. This assumption is made as the concrete lining in this study is primarily
exposed to tensile stresses due to a decrease in temperature, where, as for concrete structures under
compressive stresses, this strength theory is not particularly applicable. The specified permissible value was
calculated from the strength of concrete in its uniaxial tension test. Thus, the strength criterion can be written
as the following inequality:

o <R, (12)

where ™ — highest normal tensile stress, Pa, and R. — permissible uniaxial tensile stress, Pa.
n p

If an area of stress arises in the concrete lining at which condition (12) is violated, this area is then
considered an area of pre-fracture. We do not consider non-linear processes that may take place in this area.
Furthermore, if the width of the pre-fracture zone exceeds a limit of m % of the thickness of the concrete
lining, the situation is then considered dangerous for the load-bearing capacity of the lining (note that the
value of the parameter m will be specified later).

Table 2 shows the mechanical parameters used in calculating the stress-strain state and assessing the
strength of concrete lining. Due to the lack of available data on the mechanical properties of the surrounding
rocks, the bulk modulus and the shear modulus of both the rock mass and concrete are taken to be the same.

Further, using the heat transfer model described in Section 2.1 and the mechanical model formulated in
this section, we carried out a numerical simulation of the temperature dynamics and stress-strain state in the
concrete lining and rock mass, in particular considering how the beginning of the reverse ventilation mode

225




S.A. Bublik et al. Computational Continuum Mechanics. 2021. Vol. 14. No. 2. pp. 220-232 DOI: 10.7242/1999-6691/2021.14.2.19

affects the strength of the concrete lining. For the numerical calculation, the finite difference method was
used. For more details on the numerical implementation of the problem, see Section 3.

Table 2. Mechanical parameters of concrete lining and rock mass.

Parameter Units Material

Concrete Rock mass
Bulk modulus, « GPa 34.40 34.40
Shear modulus, 6 GPa 37.50 37.50
Linear thermal expansion coefficient, o 1/°C 1-10™ 6.50-10°°
Permissible uniaxial tensile stress, r, MPa 1.56 -
Indicator of violation of the load-bearing 0
capacity of the concrete lining, m % 50 B

2.4. Construction of a mechanical model of concrete lining and rock mass in the ANSYS software
package

In this study, the mechanical model of the concrete lining and the rock mass is based on the assumption
that the movement of the concrete lining and rock mass occurs only in the radial direction (see Section 2.2).
To check the magnitude of the error of the obtained solution, the stress-strain state was additionally
calculated in the ANSYS software package. The ANSYS problem formulation is two-dimensional,
axisymmetric, and takes into account displacements based on both the radial and vertical coordinates. As the
concrete lining and rock mass are assumed to be in a quasi-static state, the Static Structural module in
ANSYS was used to calculate the stress-strain state, into which an external file was loaded containing the
temperature field obtained from solving the heat transfer problem by the finite difference method.

Free boundary IE, ‘'

=207

401,

Rock mass

-801

u, =0 -100HE :

Concrete lining

Fig. 2. Mechanical model in ANSYS: schematic Fig.3. An example of a
representation of boundary conditions (a); computational computational grid for
grid (b). modeling heat transfer.

The following boundary conditions were applied: the contact surfaces of the concrete lining with the shaft
and atmospheric air were considered to be free; the contact surface of the rock mass with atmospheric air
was also considered free; and at a depth of —100 m, the normal component of displacements was assumed to
be equal to zero (see Fig. 2a). The mechanical properties of the concrete and rock mass were taken from
Table 2.
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3. Numerical implementation

The dynamics of heat transfer and stress-strain state were determined based on equations (1), (2), and (7)—
(11); these equations were solved using the finite difference method. Time discretization was carried out
according to the implicit Euler scheme. In the heat transfer problem, the computational domain was covered
with a non-uniform regular mesh with an increased density of mesh elements near the boundary of the
contact of the concrete lining and the shaft, as well as close to the boundary of heat exchange with the
atmosphere (see Fig. 3). When determining the stress-strain state, the grid was uniform. To implement the
finite difference method, a specific module was written in the Wolfram Mathematica computer algebra
package.

When calculating the stress-strain state in the ANSYS software package, the problem solution area was
divided by an irregular and non-uniform mesh of triangular elements with increased element density near the
boundary between the concrete lining and the shaft and near the upper boundary with the atmosphere (see
Fig. 2b).

Table 3 shows the numerical parameters used in the calculation using the module created in Wolfram
Mathematica and the ANSYS software package. Notably, the calculations in Wolfram Mathematica require a
much smaller number of nodes to solve the heat transfer problem than when determining the stress-strain
state. This is a consequence of the fact that for calculating the temperature field, the non-uniform mesh is
used with increased density in areas with the highest temperature gradients, which allowed us to significantly
reduce the total number of nodes used in the mesh.

Table 3. Parameters of numerical implementation.

Parameter | Dimension | Value
Thermal analysis

0.050 (normal mode)

Initial radial coordinate step size m 0.001 (reverse mode)
Initial vertical coordinate step size m 0.050
Increment factor of the radial coordinate step % 5
Increment factor of the vertical coordinate step % 10

Time step hour 1051.2 (normal mode)

0.48 (reverse mode)
4788 (normal mode)
3306 (reverse mode)

Total number of grid nodes -

Structural analysis (Wolfram Mathematica)

Radial coordinate step m 0.0006
Vertical coordinate step m 10
Total number of grid nodes - 50000
Structural analysis (ANSYS)
Minimum characteristic mesh size m 0.02
Maximum characteristic mesh size m 0.08
Total number of grid elements - 141446
4. Results

Based on the results of numerical calculations of the temperature of the concrete lining and surrounding
rock mass, we established that prior to the start of air reversal in the shaft, the highest temperature value (20
°C) was observed at the boundary of concrete lining contact with the shaft (see Fig. 4a). Starting the air
reversal in the shaft caused the temperature near the shaft wall to drop very quickly, almost reaching the
value of the atmospheric temperature. This is due to the intense heat exchange caused by the high air velocity
in the shaft (see Fig. 4b).
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Fig. 4. Temperature field of concrete lining and rock mass (vertical line — contact boundary of
concrete lining with rock mass): after (a) 6 years of normal ventilation mode and (b) 24 hours after
starting the reverse ventilation mode.

Based on the obtained temperature fields under normal and reversible ventilation modes, we calculated
the temperature difference at different time intervals after the onset of reversing the air in the shaft.
Calculation data for the area of the concrete lining only are shown in Figure 5. A significant radial
temperature gradient is recorded, the highest value of which is observed near the shaft wall. The maximum
temperature difference between the initial and calculated states in the area near the shaft wall reaches the
value 67 °C, 24 hours after starting the reverse flow. The temperature difference at each point of the domain
has negative values, i.e., only cooling of the concrete lining and rock mass takes place. The obtained fields
also indicate that the isolines of the temperature differences propagate mainly along the radial direction with

only minor deviations from vertical orientation near the upper contact boundary with the atmosphere.

Further, the obtained temperature difference was used to calculate the stresses in the concrete lining and
rock mass in Wolfram Mathematica. Figure 6 shows the results after 24 hours of reversal; a positive sign of

stresses indicates that they are tensile.

0 0T b 0
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-40 -40 -40
g g g
w 53 &
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Fig 5. The temperature difference fields in the concrete lining during reversal ventilation mode at
different times: after (a) 8 hours; (b) 16 hours; and (c) 24 hours.
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Fig. 6. Stress fields (MPa) in concrete lining after 24 hours of reverse ventilation in terms of: (a)
radial o, , (b) angular s_, and (c) vertical s, components; the dashed line indicates the boundary

of the pre-fracture zone

991

Based on the fields shown in Figure 6, after 24 hours of air reversal in the shaft, all stresses arising in the
computational domain are tensile. When comparing the components, it can be seen that the maximum value of
radial stresses ( o, ) is over an order of magnitude lower than the maximum values of angular ( ,,, ) and vertical (

c, ) stresses. In addition, the magnitudes and distributions of the fields of angular and vertical stresses are

extremely similar. In this regard, the question arises: can these stresses be considered to be completely equivalent
and can either of them be taken as the maximum when assessing the strength of concrete lining according to
condition (12)? To answer this gquestion, the boundary of the pre-fracture zone was constructed for angular (Fig.
6b) and vertical (Fig. 6c) stresses; in the case of the vertical stress field, the pre-fracture zone was found to be 4
cm wider than in the field of angular stresses.

Moreover, a more detailed analysis of stress plots along the radial coordinate at a depth of -50 m was
carried out (see Fig. 7). As shown, when approaching the contact boundary between the lining and the rock
mass angular stresses decrease faster than the vertical ones. In addition, whereas vertical stresses for any
reverse ventilation mode duration appear to reach an asymptote, for the angular stresses with reversal times
from 2 to 8 hours local areas of compressive stresses can be observed. Thus, on the basis of this analysis, it was
decided to take the vertical stress direction as the maximum when assessing the strength of the concrete lining.

G

pp? |
MIIa MMa | | |

0.4 | 04f i

| ’ \
031 030§ g

H Maccus
0.2 ! 020 % Mk
\ A e R

(AT 01p T
00— 0,0
00 -0,1
-0,2 02—

4,5 5.0 5,5 6,0 6,5 7,0 ’ 45 50 5,5 6,0 6,5 7,0

F, M ryM

Fig. 7. Dependence of the angular and vertical stresses at a depth of —50 m on the duration of the
reverse ventilation mode, hour: — 24, — 16, - - 8, -~ 2

Further, the stress-strain state of the concrete lining and rock mass, as calculated in Wolfram
Mathematica, were compared with the results calculated in ANSYS. The stress plots were compared for a
reversal duration of 24 hours (see Fig. 8). As shown in Fig. 8b and 8c, the angular and vertical stresses
obtained in the calculations in Wolfram Mathematica are almost identical to those found in ANSYS. When
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comparing radial stresses (see Fig. 8a), there are significant differences between the two models, however,
the differences are more quantitative than qualitative as the distribution of radial stresses is very similar in
both cases. The radial stress values obtained in ANSYS are, on average, 1.8 times higher than those
calculated in Wolfram Mathematica.

Rock mass Rock mass

\

5.0 59 6.0 6.5 7.0 5.0 33 6.0 6.5 7.0

r,m r,M
O..,
MPai: c
40 Fig. 8. Comparison of plots of stresses in
Rock mass the concrete lining and rock mass at a
& depth of —50 m, built according to
200 3 calculation data in Wolfram Mathematica
(solid line) and ANSYS (dashed line): (a)
10 radial stresses; (b) angular stresses; and
0 (c) vertical stresses.
40 45 5.0 55 6.0 6.5 7.0

rM

Thus, based on the conditions of the problem being solved, it is possible to use a simplified model for
calculating the stress-strain state described by equations (7)—(11). This is demonstrated by the vertical
stresses obtained on the simplified basis (used in assessing the strength of concrete lining) being both
gualitatively and quantitatively near-identical to calculation data obtained using a full two-dimensional
axisymmetric formulation.

Accordingly, based on the obtained results, a plot of the dependence of the width of the pre-fracture zone
on the reversal time and different air temperatures in the shaft was constructed (see Fig. 9). As a result of the
analysis of Fig. 9, it was found that the width of the pre-fracture zone nonlinearly depends on the duration of
the reverse mode. However, even for a short reverse mode duration (no more than 1 hour), the pre-fracture
zone width can exceed 0.1 m for all considered values of air temperature. The width of the pre-fracture zone
of concrete then increases with an increase in the duration of the reverse ventilation mode for all considered
air temperatures in the shaft.

In this study it is assumed that the load-bearing capacity of the concrete lining is violated if the width of
the pre-fracture zone reaches m=50% of the width of the concrete lining in the radial direction (0.4 m in
this problem). Based on the results shown in Fig. 9, a dependence of the maximum permissible reverse mode
duration on the air temperature in the shaft was analyzed (see Fig. 10).
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temperatures of atmosphere air, °C: ——47,— in the shaft.

—28, - -—10, - 0.

The resulting plot shows the maximum permissible duration of the reverse ventilation mode for the pre-
fracture zone to not exceed 50% of the width of the concrete lining. The increase occurs nonlinearly with
increasing temperature (in this case, according to a hyperbolic distribution). With an increase in the air
temperature in the shaft from —47 to 0 °C, the maximum permissible duration increases by 57%.

4. Conclusion

Below, we summarize the main results of this work.

1. Two-dimensional thermodynamic and mechanical models of a mine shaft were formulated. These models
allow calculating the temperature-dependent stress-strain state of the concrete lining and rock mass. The
thermodynamic model includes: conductive heat transfer in the lining and rock mass, heat exchange between
the lining and the air in the shaft; heat exchange between the lining and rock mass with the atmospheric air;
seasonal fluctuations in atmospheric temperature; and temperature variation when reversing air in the shaft. In
the mechanical model, only the effect of the temperature difference on the stress-strain state of the concrete
lining and rock mass is considered. The horizontal pressure of the rocks is not considered due to the fact that a
near-surface section of the shaft is considered, its vertical length relatively small, and the rock mass is
represented by hard rocks with a relatively low coefficient of lateral expansion. The lateral pressure on the
concrete lining is not considered, since as a result of the preliminary assessment, the value of the lateral
pressure is over an order of magnitude lower than the value of stresses corresponding to temperature
deformations at a difference of 50 °C.

2. The results of calculating the stress-strain state of concrete lining based on the temperature factor
during air reversal in the mine shaft in the winter season showed that the concrete lining is under tensile
stresses to a greater extent and that the maximum absolute values of stresses arise mainly in the vertical
direction.

3. Our results indicate that the assumption that the displacements depend only on the radial component
and that there are no displacements along the angle and the vertical is valid when assessing the strength of
concrete lining. However, it should be noted that in this case, the value of radial stresses decreases by an
average factor of 1.8 times.

4. With an increase in the air temperature in the shaft, the width of the pre-fracture zone of the concrete
lining decreases; however, the greatest influence on the width of the pre-fracture zone is exerted by a
simultaneous increase in both the temperature and the duration of the reversal.

5. A nonlinear dependence on the air temperature in the shaft of the duration of reversal to the state of
50% pre-failure of the lining was obtained. Based on these results, with an increase in the air temperature in
the shaft from —47 to 0 °C, the maximum permissible duration of the reversal (i.e., for the pre-fracture zone
width to not exceed 50% of the concrete lining width) increases by 57%.
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