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Peridynamic simulation of
permafrost thawing around an
inclined mine working

Mikhail Semin*

Mining Institute of the Ural Branch of the Russian Academy of Sciences, Perm, Russia

This study examines unsteady heat transfer in the soil mass surrounding an
inclined access mine working. Initially, the soils are considered frozen, but due
to contact with warmer air entering the mine during summer, they undergo
seasonal thawing. The primary challenge in the calculation of heat transfer is the
loosening of soils near the upper boundary of the freezing front, caused by thaw
consolidation—an effect particularly common in water-saturated, fine-grained
soils. This phenomenon affects both the propagation rate of the pore moisture
phase transition front and the stability of frozen soils in this zone. A bond-based
peridynamic approach is employed to model heat transfer throughout the frozen
and thawing soils surrounding the mine, using a case study of seasonal thawing
near an access working in a mine located in the Republic of Yakutia. Numerical
simulation was conducted using integral equations describing particle
interactions within a finite influence region. The loosening zone is calculated
using a simplified solution of the peridynamic motion equation. Model verification
was performed to ensure the independence of the solution from numerical
method parameters. The temporal evolution of thawing zone depth was analyzed
for various thermal properties of the soil. For the first time, it has been
demonstrated that thaw consolidation significantly affects the temperature
field in soils surrounding a mine working.
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1 Introduction

Mining in the Arctic regions presents several challenges, the most significant of which
are permafrost and extreme climatic conditions (Solovyov, 2009). The continuous supply of
air through access mine workings inevitably leads to the thawing of the surrounding frozen
soil mass, significantly reducing its load-bearing capacity as temperatures rise above
freezing point (Wu et al., 2006; Wen et al., 2011). Under certain conditions, the thawed
zone can expand indefinitely, and once it reaches a critical size, it negatively affects the
stability of mine workings. According to estimates (Dyadkin, 1968), when the thawing zone
extends 3-4 m, the normal operation of horizontal and inclined mine workings becomes
virtually impossible.

The temperature of the air supplied to mines varies daily and seasonally (Novopashin
and Kurilko, 2010). Repeated freeze-thaw cycles of soils near ventilated mine workings
significantly reduce their strength within the thawed zone. According to (Dyadkin, 1968),
one of the key requirements for the thermal regime of mines in permafrost regions is
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preventing the progressive thawing of frozen soils. Additionally,
minimizing the number of freeze-thaw cycles around mine workings
is crucial (Novopashin and Kurilko, 2010).

The primary measures for maintaining the stability of workings
in frozen soils include passive thermal insulation of their surfaces
(Galkin et al,, 1992) and the use of anchoring (Wu et al., 2006) or
concrete lining (Dyadkin, 1968) to prevent the collapse of
thawed soil.

Developing effective methods to ensure the stability of mine
workings in permafrost requires predicting the temperature field of
the soil mass and determining the thawing zones. Heat transfer in
frozen soils with phase transitions is described by the Stefan problem
(Solovyov, 2009; Lubini Tshumuka et al., 2022). Key aspects of
modeling include phase transitions of moisture, heat exchange at the
boundary with the working, nonlinear changes in the thermal
properties of soils when crossing the zero isotherm, and moisture
migration (Alzoubi et al.,, 2020). Due to the complexity of these
processes, an analytical solution to the Stefan problem is not feasible,
so heat transfer calculations in frozen soils are typically performed
using numerical methods.

The most well-known numerical approaches for solving the heat
transfer equation in frozen soils are:

1. Explicit tracking of the phase transition front (Carslaw and
Jaeger, 1964; Meyer, 1978; Nikolaev et al., 2024).

2. The enthalpy method (Crowley, 1978; Levin et al,, 2021).

3. The effective heat capacity method (Popov et al, 2018;
Samarskii and Moiseenko, 1965; Bonacina et al., 1973).

4. The source term method (Voller and Swaminathan, 1991).

The main differences between these approaches lie in how the
time derivative of soil internal energy is computed in the left-hand side
of the heat transfer equation, while the term responsible for heat
diffusion remains the same and is discretized using finite difference
(Levin et al., 2021; Voller and Swaminathan, 1991), finite volume
(Alzoubi et al,, 2020; Hu and Wang, 2021), or finite element methods
(Spiridonov et al.,, 2023; Zhelnin et al., 2022). All these approaches
enable a quantitative description of heat transfer patterns in frozen
soils but assume the continuity of the considered medium. However,
in the case of thawing frozen soils around an inclined mine working,
the situation differs. According to Dyadkin (1968), thawing is
inevitably accompanied by soil consolidation (as some of the
generated water drains into the working through cracks). Together
with lining deformation under load and the sinking of its supports
into the ground, this can lead to the formation of a void near the upper
boundary of the thawing zone.

Even for small thawing zones, the consolidation and subsidence
of thawed soil can lead to soil loosening near the upper boundary of
the phase transition front. Accounting for this phenomenon within
the framework of continuum mechanics is challenging: when
fractures or voids form, the classical concept of spatial derivatives
becomes inapplicable (Bobaru and Duangpanya, 2010).

The nonlocal heat transfer models can be used to describe such
processes. One of the widely used formulations of continuum
mechanics is peridynamics (Nikolaev et al, 2022). Unlike
differential spatial operators, peridynamics employs integral
equations that describe interactions between particles within a
finite influence region (horizon).
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In numerical heat transfer simulation using the peridynamic
approach, the computational domain is divided into particles, each
possessing a finite volume. Interactions occur not only with the
nearest neighbors (as in the finite volume method, where heat
exchange occurs through adjacent faces) but also with all
particles within the interaction horizon, determined by the
distance § from the center of the considered particle. This
distance typically exceeds the discretization step (the initial
distance between particle centers) by several times (Ladanyi and
Gonda, 2021). Due to this nonlocal interaction mechanism, which is
not tied to specific boundaries between particles, it is possible to
accurately model the gradual reduction in heat transfer when
material fractures develop.

Studies on heat transfer with phase transitions within the
peridynamic framework have been presented in several previous
works. There are two main formulations of the peridynamic
model: bond-based and state-based (Javili et al.,, 2019; Anicode and
Madenci, 2022). The bond-based approach is more commonly
applied in heat transfer problems. The first formulation of an
unsteady heat conduction problem using the peridynamic
formalism was proposed in Bobaru and Duangpanya (2010). In
Chen and Bobaru (2015), the choice of an integral kernel in the
heat conduction equation was studied to ensure consistency with the
classical heat conduction solution. The peridynamic approach has also
been applied to the Stefan problem in studies (Nikolaev et al., 2022). A
peridynamic model of the phase transition of water in saturated
porous media has been developed, considering nonlocal heat transfer
effects and mass redistribution during thawing and freezing.
Additionally, the problem of heat transfer in nonlocal formulations
has been explored for cases of rotational and spherical symmetry.

However, heat transfer processes in geomaterials with phase
transitions of water, in the presence of voids and loosening zones,
have not been previously studied within the peridynamic approach.
This aspect is of primary importance in our study, as the thawing of
frozen soils around an inclined mine working may lead to the formation
of a void near the upper boundary of the thawing zone due to the
consolidation of thawed soils and the deformation of the lining under
load. This introduces additional thermal resistance and reduces heat
flow into the frozen soils above the mine working. On the other hand,
consolidated soil at the bottom of the thawing zone can facilitate more
intensive heat transfer and more rapid thawing during the summer.

To identify heat transfer patterns that account for phase
transitions of pore moisture and geomaterial discontinuities in
the phase transition zone, this study formulates the heat transfer
problem in a nonlocal framework using the bond-based
peridynamic formulation. In addition, the peridynamic equation
of motion for particles in a gravitational field is solved to determine
the intensity of thawed soil compaction. The analysis is carried out
using a case study on the design of an access mine working in
Yakutia, in the permafrost zone. A numerical solution is obtained,
the model is validated, and the results are compared with those from
the classical thermodynamic formulation.

2 Methodology

A two-dimensional computational domain is considered in the
vertical cross-section of the mine working. The soil mass is
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FIGURE 1

Mine
working

Frozen zone

Schematic representation of the computational domain and the neighborhood of particle x within its interaction horizon.

represented as a set of particles, each characterized by a position
vector X in a certain coordinate system, with the origin coinciding
with the geometric center of the mine working cross-section.
Particles are typically defined at the nodes of a regular grid with
a given spacing .

Each particle has a finite volume, specific enthalpy H, and
temperature T. A particle with position vector x interacts with
other particles with position vectors x' within its interaction
horizon I' - an area bounded by a circle of radius § centered at x
(see Figure 1). For simplicity, a particle characterized by position
vector x will be referred to as particle x.

2.1 Heat transfer

The heat transfer dynamics is simulated using the peridynamic
heat conduction equation, which accounts for nonlocal interactions
between particles. For each particle with position x, the change in
specific enthalpy H (and temperature T) over time is determined by
the equation:

dH(T) _ , T (x,8) = T(x,0)
dr 1A(x’x’t)TdAx: (1)
foxox @
A(x,x' 1) = 9 (:;l’t) _ 2[M(x, t;—(;-zl(x',t)] )

where A(x,x',t) is the peridynamic thermal conductivity, W/
(m*°C); A(x,x',t) is the
conductivity used in calculating the heat flux between particles x
and ', W/(m-"C); A (x,t) and A (x',t) are thermal conductivities of
particles x and x/, respectively, W/(m-°C); dA, is the small area (in

classical (macroscopic) thermal

the 2D case) associated with particle x', m*

The change in the specific enthalpy of the soil was used to
calculate its temperature change. To do this, the equation of state,
which relates specific enthalpy to temperature, was applied:
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pcT +p,nL, T <T
H(T) = { p,nL(T =T, - AT) /AT, Tj, ~AT<T<Tj  (4)
picsT, T<Tys - AT

where p; and p, are densities of thawed and frozen soil, kg/m’; ¢; and
¢, are specific heat capacities of thawed and frozen soil, J/(kg-°C); p,,
is the density of water, kg/m? n is the porosity of the soil; L is the
specific latent heat of ice melting, J/kg; T's, is the water freezing
temperature, °C; AT is the temperature range of the water phase
transition, °C.

Using condition Equation 4, we assume that the soil is initially
fully saturated with ice, prior to the onset of thawing caused by heat
exchange with the excavation wall. It is further assumed that the
phase transition of moisture occurs over a relatively narrow
temperature interval, AT, which justifies the use of the
piecewise linear function Equation 4. All thermophysical
properties in the model are considered to be homogeneously
distributed. This is a common assumption in heat transfer
modeling in geological media, as it enables reliable predictions
of thermal fields, even though, in reality, some degree of property
heterogeneity may be present.

Dirichlet boundary conditions within the peridynamic approach
are formulated as follows. Several additional layers of particles,
Ngp>0/h, are added at the boundaries of the computational
domain. The additional particles, known as ghost particles, are
located outside the computational domain boundaries (Sun et al.,
2020; Weiflenfels, 2022). When setting the Dirichlet boundary
conditions at the outer boundary of the computational domain:

x€Qui:T=T, (5)

a fixed temperature To<Ty, is assigned to the ghost particles,
corresponding to the undisturbed frozen soil mass at the
considered depth (see Figure 2).

Otherwise, Robin boundary conditions are implemented on the
wall of the mine working:

xe€eQuq-N=a(T,-T) (6)
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Layers of ghost particles with
temperature T

Particles inside
domain

FIGURE 2

Mine
working I

Frozen zone

Heat flux to boundary
particles

Particles inside
domain

Setting Dirichlet boundary conditions at the outer boundary using ghost particles, and setting Robin boundary conditions on the mine working wall

by explicitly defining the heat flux from the air to the boundary particles.

where q is the heat flux, W/m?; N is the normal vector to the surface;
a is the heat transfer coefficient, W/(m?°C); T, = T, (t) is the air
temperature in the mine working, °C.

In this case, no ghost particle layers are added. Instead, a heat
flux q, is applied to each boundary particle x on the wall of the
mine working:

q, = al’N[T, - T (x,1)] ?)

In addition to the peridynamic heat conduction Equation 1, we
will also use the classical heat conduction equation in the form
(Semin et al., 2024; Levin et al., 2023):

OH(T) _ 0 (,0T\ o (,dT
ot _8x<Aax>+8y<Aay> ®)

with boundary conditions Equations 5, 6. This is necessary for the

verification of the peridynamic model. Its numerical solution will be
determined using the finite difference method on a regular grid with
a fixed step size h. The absence of mesh refinement at the boundary
with the mine working was motivated by the desire to maintain a
situation similar to the peridynamic setting, where particles are
typically of the same size. Furthermore, a coarse grid at the wall of
the working is adequate for sufficiently accurate calculation of weak
temperature gradients, with smooth changes in air temperature
across seasons.

As an initial condition in both formulations, the assumption of a
homogeneous temperature field will be used:

t=0:T=T, ©)
The air temperature T, in the mine working is considered to be
time-dependent. It is given by a sinusoidal curve based on the

fluctuations of the average monthly temperature throughout
the year:
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A
To=Tawe— —cos(%t + (p)

5 (10)

where t is time, months; T'y,. is the annual average temperature, °C;
A is the difference in average monthly temperatures between the
warmest and coldest months, °C; ¢ is the phase shift of the seasonal
temperature fluctuations, rad.

2.2 Settlement of thawed soils

The simulation of thawed soil settlement within the peridynamic
approach is performed by solving the integral motion equation
(Song et al., 2020; Van Le and Bobaru, 2018):

d*u(x,t
p P - [ st e

T

(11)

where u(x,t) is the displacement vector, m; g is the gravitational
acceleration vector, m/s% f (x,«',t) is the interaction force between
particles, N/m’. For a linear elastic body, it is determined by the
expression (Song et al., 2020):

IE+n| - 1&1 &+q
HNEE

n=u(x',t) —u(xt)

flxxt)=C

(12)
(13)

where C is the peridynamic stiffness coefficient, N/m®. It is related to
Young’s modulus E, which depends on the problem dimension and
the horizon radius §. For two-dimensional problems, it is usually
assumed that C ~ E/&°.

The stiffness coefficient C also depends on the type of
deformation (compression or tension) and the temperature of the
soil. As the temperature increases and crosses the phase transition
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Settlement of
the thawed soil

Heat transfer implementation through the discontinuity of the soil mass at the upper boundary of the thawed zone.

point from ice to water, the stiffness coefficient can significantly
decrease, even by an order of magnitude. Given that the soils
surrounding the mine workings are unstable and prone to
delamination, the stiffness coefficient of thawed soils in tension
can be considered relatively small. As a result, particles of thawed
soil near the upper boundary of the phase transition zone settle
almost immediately under the influence of gravity and separate from
the frozen soil above the phase transition front.

The settlement of thawed wet soil occurs due to the
consolidation, which is characterized by the parameter P,
describing the relative change in the volume of the soil as it
transitions from frozen to thawed state (assuming that the dry
skeleton of the soil deforms without a change in volume). The
consolidation of thawed soils is associated with the melting of ice, its
transformation into water, and the partial outflow of water under the
influence of gravity into the underlying layers of thawed soil or into
the mine working. The maximum value of the parameter P is
determined by the initial porosity of the soil n:

p=pfu_Pi
plU

(14)

In practice, the maximum value of the parameter P is unlikely to
be achieved, as this would require applying a large compressive
force. Moreover, this would necessitate the complete drainage of all
thawed moisture from the soil, which is also typically not the case, as
a small amount of bound moisture usually remains in the soil. In the
situation we are considering, Formula 14 provides an upper estimate
for the possible range of values of the coefficient P.

In this study, the most pessimistic scenario is assumed, where all
the pore space of the soil is initially filled with ice. The parameter P is
introduced into the expression for f as follows. For the calculation of
particle displacements in the frozen zone, Formulas 12-13 are used
without changes. In the thawed zone, the equilibrium distance

between particles decreases by P&/2. Thus, the relative
displacement of particles in Equation 12 takes the form:
n=u(x,t)—u(xt)- P2 (15)

Frontiers in Mechanical Engineering

As a result, particles in the thawed soil zone shift under the
influence of gravity (see Figure 3), and near the upper boundary of
the thawed zone, a rarefaction zone forms, leading to an increase in
the denominator under the integral in Equation 1. Thus, an
additional thermal resistance arises in the vicinity of the
freezing front.

In general, approach Equation 15 is rather non-standard, as
within its framework, the consolidation deformation of a single soil
particle does not depend on the forces acting on it. Most often,
consolidation deformation is accounted for using the equation of
water filtration in pores proposed by Biot (1973). However, given
that the characteristic times for moisture migration are significantly
shorter than the characteristic times for the movement of the phase
transition front in the problem under consideration, we assume that
all gravitational moisture flows out of the pore space of the soil
instantaneously. For thawed soils we are considering, hydraulic
diffusivity is an order of magnitude higher than thermal
diffusivity, which supports this conclusion. However, this may
not be the case for other types of soils.

This study investigates the dynamics of the thawed zone over
several years, so it is important to understand how the soils will
behave after a “thaw-freeze” cycle. Due to the outflow of pore water
from the thawed zone in the first year, when this zone re-freezes, a
nonzero additional term will remain in the right-hand side of
Equation 16. Therefore, when considering the re-freezing of the
soil, the new term in Equation 15 should not be excluded. However,
in this case, the compaction coefficient may differ slightly from the
value of P observed during the warm season, for example, due to the
re-freezing and expansion of bound water. For simplicity, we will
assume that P remains constant over time after the initial thawing
of the soil.

Another important aspect of the geomechanical problem is
modeling the collapse of frozen soils above the upper boundary
of the thawing front. According to Dyadkin (1968), the width of the
thawed zone may exceed the span of the stable frozen soil exposure,
leading to periodic collapses and abrupt increases in pressure on the
lining of the mine working.
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To account for this effect in the calculation of the force f using
Formula 12 for particles in the frozen zone, a maximum value f,,x
is introduced. When this value is exceeded, the bond between
particles x and x' is broken (Isiet et al., 2021). This models the
destruction of frozen soil due to shear or tensile stresses. The value of
fmax»> proportional to the strength of the frozen soil, is determined
based on verification calculations.

The analysis of the strength of the mine working lining and the
conditions under which critical stresses develop in the frozen soils
above the thawed zone is beyond the scope of this study and will be
the subject of future research. In certain situations, the nature of
collapses will affect the additional thermal resistance at the upper
boundary of the thawed zone. However, for simplicity, it can be
assumed that the frozen soils maintain their structural integrity, and
Equation 11 in this case will be more useful for calculating the
consolidation and settlement of thawed soils.

Dirichlet boundary conditions at the outer boundary of the
calculation domain

x€ Qo u(x,t)=0 (16)

in the mechanical problem are formulated in the same way as in the
thermodynamic problem—by assigning several layers of ghost
particles and fixing their displacements. In cases where one of
the displacements is not fixed (for example, displacement along
the vertical axis on the side walls of the calculation domain), the
ghost particles move along this axis together with the corresponding
boundary particle.

Neumann boundary conditions at the wall boundary of the mine
working are naturally set without adding ghost particle layers.
Physically, this is equivalent to a condition of zero pressure on
the mine working wall. Neumann boundary conditions at the upper
boundary of the calculation domain are set by applying a specific
force to each boundary particle.

3 Results and discussion

Calculations were carried out for the conditions of an access
mine working passing through frozen soils from a quarry berm. The
angle of the transport incline is approximately 8 —9°. The
temperature of the surrounding soil at the initial time was taken
as —2°C.

At the entrance to the inclined mine working, the path was cut
through aleurites and sandstones. According to geological surveys,
The
thermophysical properties of the dry soil skeleton are presented

the soils are unstable and prone to delamination.
in Table 1. The porosity ranged from 3 to 30%.

The thermophysical properties of the soil mass in its thawed and
frozen states were recalculated using the following formulas (Semin

et al.,, 2024):
c=pc(1-n)+pen(l-y)+p,cony (17)
A=A )y (18)

where p is the density, kg/m?; ¢ is the specific heat capacity, J/(kg-°C);
A is the thermal conductivity, W/(m-°C); and y is the fraction of
unfrozen water in the pore space of the soil (zero for ice and one for
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TABLE 1 Thermophysical properties of the soil skeleton.

Parameter Value

Density, kg/m® 2,700
Specific heat capacity, J/(kg-"C) 840
Thermal conductivity, W/(m-"C) 227
Porosity, % 3...30

water). The subscripts s, 7, and w refer to the dry skeleton, ice, and
water, respectively.

It was assumed that the soil mass was fully ice-saturated at the
initial time. The specific latent heat of ice melting was taken as
330 kJ/kg. The following numerical parameters were used when
calculating the dependence of air temperature on time Equation 10:
Tave = =5°C, A = 45°C, ¢ = 0.45 rad. The heat transfer coefficient «
at the boundary with the mine working was assumed to be
5 W/(m?*°C).

The geometric dimensions of the arched mine working are
shown in Figure 4. This figure also illustrates the discretization of
the computational domain into particles. Near the external
boundary, a different number of layers of ghost particles (from
1 to 3) was assigned; Figure 4, as an example, presents the case with
two layers.

The discretized form of Equations 1, 11 is presented below:

H(x,t*") - H (x,t") _ 3 A ) T (%, t5) = T (x,t%)

At x'el ||£ + ’1"2 i
(19)
IE+n| - 1&1 &+q
0=YcC Ay 20
D T e M 0
_ Ccom r)f ‘N <0
C_{ Cten‘s’)f'ﬂ>0 (21)

where k is the time step number; Cc,pnpr is the peridynamic stiffness
coefficient for compression, N/m?; Cy,,s is the peridynamic stiffness
coefficient for tension, N/m? A, is the finite area associated with the
particle x/, m% The latter was computed as ph?, where h is the
spacing between adjacent particle and f is a calibration parameter
(Liu and Hong, 2012).

Equation 19 is linked to Equations 20, 21 through the parameter
71, which appears in the denominator on the right-hand side of
Equation 19. Equations 20, 21 are connected to Equation 19 through
the parameter Cy,,,, which is nonzero only at negative temperatures.

The time derivative is omitted on the left-hand side of Equation
20 because Equations 20, 21 are used to study the static equilibrium
of the particle system. In this case, the iterative solution of the
transient Equation 11 with the inertial term proves to be more
computationally expensive than solving the system of linear
Equation 21 for the unknown displacements.

For the numerical solution of Equation 19, an explicit
integration scheme (first-order Euler method) was used, where
the time step At for Equation 20 in a 2D space is limited by:

2

h
At = CFL—
4@1

(22)
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Computational grid and boundary conditions of the thermodynamic problem.

where a; is the thermal diffusivity in the ice zone, m*/s; CFL = 0.99
is the Courant number, empirically selected to ensure the stability of
the scheme.

The equations for particle displacement Equations 20, 21 were
solved independently of the heat transfer Equation 19 every M > 1
time iterations. The numerical algorithm for solving the equations
was implemented in the Wolfram Mathematica software. This
choice of computational software is motivated by the fact that it
offers richer functionality for analyzing the suitability of numerical
schemes and the independence of the solution from method-specific
parameters. At this early stage of the study, where we currently are,
computational efficiency was of lesser importance to us.

The elastic modulus of frozen soils was assumed to be 50 GPa.
Poisson’s ratio is set equal to 0.2. Based on these values, the
peridynamic stiffness coefficient was calculated as 8.6 x 10'° N/m®.

At the preliminary stage, verification of the heat transfer model
was carried out. The verification process included checking the
independence of the numerical solution from several parameters:

— The time step size,

— The size of the computational domain,

— The number of particles (spatial discretization step),
— The interaction horizon radius.

The quantitative criterion used to assess solution independence
was the time dependence of the temperature of the soil mass at a
distance of 2 m from the mine working wall (see Figure 4). Figures 5,
6 present the computed temperature-time dependencies at this point
for various time step sizes, computational domain sizes, numbers of
particles, and interaction horizon widths.

Based on a series of heat transfer simulations, the optimal
selected for the subsequent
simulation of the thawed zone dynamics around the mine

numerical parameters were

working. The computational domain size was set to 25 m, the
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Courant number CFL = 0.99, the number of particles (excluding
ghost particles) was 3721, and the number of ghost particle layers
was 2.

It is important to note that solving the heat transfer problem in
the peridynamic formulation depends on the parameter ¢ (Bobaru
and Duangpanya, 2010). Therefore, to ensure consistency with the
classical heat conduction problem formulated in differential form
based on Fourier’s law, the coefficient 3 depends on 6. For § = 2,
it equals 2.6.

Despite the calibration of the model, achieving full agreement of
the time dependencies for different § was not possible (see
Figure 6b). Therefore, during calibration, we primarily focused
on matching the curves in the region of positive temperatures, as
this region poses the greatest risk to the stability of the
mine working.

Overall, Figures 5, 6 show that the peridynamic approach
provides additional smoothing of the time dependencies of
temperature due to the “long-range” interactions between
particles. In the classical enthalpy formulation of the Stefan
problem Equation 8, the dependencies T(t) near the phase
transition front often exhibit a wavelike pattern. This is
associated with the finite step of spatial discretization and the
characteristics of front propagation at small AT in expression
Equation 4. In this context, the use of the peridynamic approach
for such problems appears promising.

In the case of § = 1 in Figure 6b, the solution coincides with the
numerical solution of the classical parabolic heat equation with a
phase transition in the form of Equation 8. This is not surprising, as
for § =1 and a regular computational grid, Equation 19 takes the
same form as its finite-difference representation with central
differences in space.

If the verification of the thermal model was conducted only for
the initial calculation area with a mine working, then the verification
of the mechanical model was performed separately by considering

frontiersin.org


https://www.frontiersin.org/journals/mechanical-engineering
https://www.frontiersin.org
https://doi.org/10.3389/fmech.2025.1590285

Semin 10.3389/fmech.2025.1590285
(a) (b)
T.°C T.°C
5t 18
Computational
e A Nt months CFL L L L - L L t months domain size
50 100 150 P00 250 300 Y350 50 100 150 0 250 300 }350
— 05 ; 30m
----- 0,75 ———==25m
.......... 0,99 sesssssces 20 m
-5 -5F
-101 -10
FIGURE 5

Temporal variations of soil temperature at a distance of 2 m from the mine working wall for different Courant numbers (a) and different
computational domain sizes (b).

(a)

Particles count

FIGURE 6

250 300 Yaso b months

—— 1681

(b)

Horizon radius

t, month
300 Y350 mome

Temporal variations of soil temperature at a distance of 2 m from the mine working wall for different numbers of particles (a) and different horizon

radii (b).

the deformation of a vertical soil column H = 10 m high under its

own weight. In this case, the solution to the peridynamic problem

can be compared with the exact analytical solution, which is

obtained by integrating the 1D equilibrium equation. Both

scenarios, with and without considering the consolidation of

thawed soil, are examined. A comparative analysis of these

solutions is presented in Figure 7.
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consolidation of thawed

Figure 7a shows the situation without considering the

soil. In this case, the vertical

displacement u of the soil column is determined by the following

quadratic equation:

u(y)=-£ (Hy - %) (23)
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It was assumed that the y-axis is directed upwards, and at the
bottom of the column (y = 0), the vertical displacements are zero.

The peridynamic model accurately reproduces this power-law
quadratic dependence for different parameters, 4 and 8. However,
the peridynamic displacement field in absolute values depends on
the choice of 8, which is understandable and has been noted in the
literature (Bobaru and Duangpanya, 2010). For further analysis, we
selected the model with § = 2 and calibrated the parameter ¢
specifically to achieve the best fit between the model and the
exact analytical solution for § = 2:

174E

TR T e

The situation considering soil consolidation is shown in
Figure 7b. As a result of heating the upper half of the column to
a positive temperature, a fixed value of soil consolidation
deformation P was applied. In this case, for the upper half of the
column (y > 5m), the key factor influencing displacements was the
consolidation of the underlying thawed soil, and the displacement
profile became nearly linear.

2
u(y)=—%<Hy—y7>—Pmax(0,y—§) (25)

The figure shows that the peridynamic model accurately
reproduces the exact analytical solution without any additional
calibrations for different values of consolidation deformation.
Thus, the calibrated and verified peridynamic model was
subsequently used for further numerical simualtion of soil
subsidence due to the thermal influence of air in a mine working.

Figure 8 presents the thawed zone distributions around the mine
working for several time points and two different porosity values.

Frontiers in Mechanical Engineering

For a porosity of 30%, two cases are shown: without considering the
consolidation of thawed soils (Figure 8b) and with its consideration
(Figure 8c). For a porosity of 3%, the thawed zone is visualized only
for the case without consolidation (Figure 8a), as in this case, the
factor has a negligible effect.

Calculations considering the consolidation of thawed soils were
conducted with a reduced Courant number (CFL = 0.75) due to the
local shortening of distances between particles caused by soil
compaction. Figure 8c also visualizes the “voids” that appear near
the upper boundary of freezing front. Overall, Figure 8 shows that
soil mass porosity is a significant factor influencing the formation of
the thawed soil zone. Additionally, the consolidation of thawed soils
also plays a crucial role.

At the same time, the increase in thermal diffusivity within the
thawed consolidated zone has a more pronounced effect on heat
transfer than the increase in thermal resistance near the phase
transition front, which, on the contrary, should slow down the
heat exchange process.

Figure 9a presents temperature profiles along a vertical line
extending from the axis of the excavation to the upper boundary of
the computational domain. The curves correspond to a time of
200 days. The dashed curve represents the case with thawed soil
consolidation, while the solid curve corresponds to the case without
it. The figure shows that in the thawed soil zone, the dashed curve
lies above the solid one, indicating a more intense heat transfer
process when consolidation is considered. Furthermore, the
temperature jump near the phase transition front is also greater
for the dashed curve, suggesting the presence of thermal resistance in
this region.

Figure 9b shows the vertical displacement profiles along the
same line. In the case without considering the consolidation of
thawed soils, the displacements do not exceed 5 mm in absolute
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value. When consolidation is taken into account, the maximum
displacements are observed in the thawed zone, reaching 0.26 m (in
absolute value) at the upper boundary of the thawed zone. Such large
displacements at vertical coordinates y<6 m are primarily caused by
the compaction of thawed soils.

The obtained maximum jump in vertical displacements at the
transition from the thawed soil zone to the frozen soil zone is smaller
than the horizon radius. As a result, a nonzero heat flux through the
phase transition front above the thawing zone is maintained.

This raises the question of how physically accurate it is to
preserve heat transfer through an air layer or another gas
fraction when such wide separation (or void) zones form in the
soil. It is likely that beyond a certain threshold ||#|| value, it would be
more appropriate to break the connections between particles.
However, determining such critical values requires additional
theoretical analysis and experimental data, which is beyond the
scope of this study but remains a subject for future research.

Overall, the behavior of thawing soil above the excavation roof
represents just one aspect of a broader set of phenomena that warrant
further investigation. A more detailed consideration of various coupled
processes—such as support deformation, air migration through pores,
and others—is required. These aspects, in turn, demand proper
parameterization based on field data or scaled laboratory testing.

4 Conclusion

A peridynamic model of heat transfer in permafrost soil around a
mine working, accounting for the consolidation of thawed soil, has been
developed, numerically implemented, and verified. This model highlights
the significant impact of thawed soil deformations on seasonal
temperature variations around the access mine working, driven by
changes in the temperature of the atmospheric air supplied through it.

The numerical solution is highly sensitive to parameters such as
the initial soil porosity and the degree of consolidation, emphasizing
the need for their accurate determination during preliminary
engineering surveys. The peridynamic approach has demonstrated
its effectiveness in solving the heat transfer equation with moisture
phase transitions, even under strong spatiotemporal variability in soil
thermophysical properties. By incorporating long-range interactions,
the peridynamic approach produces smoother temperature fields,
particularly in high-moisture soils where enthalpy-temperature
relationships exhibit sharp discontinuities. At the same time, it
yields results that are quantitatively comparable to the classical
Stefan problem solved with the Laplace diffusion operator.
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