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Abstract: In this paper, we investigate the problem of the propagation of hydraulic fractures in
a poroelastic medium that has a circular cavity. The research was conducted using the extended
finite element method (XFEM) implemented in the ABAQUS software package. The problem was
considered in a plane formulation. The initial crack was oriented parallel to the surface of the cavity.
It was shown that the path of the hydraulic fracture depends strongly on the hydrostatic stress in
the medium and the distance between the crack and the cavity. We studied the influences of the
poroelastic parameters, such as permeability and the Biot coefficient, on the propagation of cracks.
It was shown that the cracks were less curved when the coupled problem of poroelasticity was
considered. The features of fluid pressure changes inside the fracture and at the opening of the mouth
were studied. It was shown that the fluid pressure in the fracture during injection was minimally
sensitive to the state of the stress in the medium, to the position of the initial crack, and to the
poroelastic parameters. The solution to the problem in this setting can be used to simulate hydraulic
fracturing close to mine workings during a controlled roof’s collapse to prevent it from hanging, and
the formation of impervious screens to reduce airflow from the mine to degassing boreholes through
the rock, for example.
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1. Introduction

Hydraulic fracturing (HF) is used extensively to increase production in the oil and
gas industry as well as for solving various problems associated with mining, underground
construction, and the management of nature. The idea behind HF, which is relatively simple
to implement, has led to its widespread adoption. It has been applied in projects related
to the recovery of heat from geothermal sources [1–4], the storage of carbon dioxide [5–7],
underground bioleaching [8,9], and the disposal of drill cuttings and waste materials [10,11].
This emphasizes the importance of preparatory work on planning HF operations for the
formation of fractures of a given direction, including the construction and analysis of
adequate mathematical models.

The main research areas of the mine modification of the method are associated with
improving the safety of underground operations. When mining coal seams, HF is used
to increase the efficiency of the production of methane from coal by increasing the gas
recovery [12–14] and creating impervious protective screens in the rock mass near mine
workings [15,16]. In the case of the extraction of coal seams by longwall mining, hydraulic
fracturing is applied for the controlled roof’s collapse to prevent it from hanging [17–19].
This method has many variations for in situ stress measurement based on the analysis of
breakdown, shut-in, and reopening pressures [20–22]. This helps to control the integrity of
the mine’s walls and in planning further activity.

Calculations of the paths of cracks during their propagation are critical for the design
of inseam hydraulic fracturing in the underground environment. Modeling errors that
occur at this stage can lead to undesirable consequences, i.e., the emergence of cracks in
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the sides of the working, intersection with adjacent wells, and uncontrolled destruction of
the massif.

There are several factors that have significant impacts on the development of fractures.
These factors include the stress-strain state of the rock mass, the condition of the borehole
walls (presence of casing and perforations) and their directions, the characteristics of the
loading that is being applied, i.e., the design and other features of the downhole tool, the
rate of injection of the fracturing fluid, and the properties of the fracturing fluid, as well as
the location of the crack relative to mine workings.

Modern directions of research are related to the development and verification of
the analytical and numerical models of the propagation of hydraulic fractures. Various
analytical models are used, including the Kristianovic, Geertsma, and de Klerk (KDG)
Model [23,24], the Perkins, Kern and Nordgren (PKN) Model [25,26], and some variations
of these models. Despite the fact that these models are based on the assumption of a
non-varying and homogeneous stress field, they are suitable for quick analyses, and they
allow improvements in numerical methods and approaches. In contrast, numerical models
based on various techniques, such as the boundary element method (BEM) [27], the discrete
element method (DEM) [28], the finite element method (FEM) [29], and damage mechanics-
based approaches [30–32] can take into account, for example, the complex geometry of
hydraulic fractures under excavation stress conditions.

The propagation of cracks close to hollow inclusions has been considered in several
studies, some of which were related to modeling the hydraulic fracture phenomenon near
underground work areas. A two-dimensional model for the HF of the roof in the stope
was established to investigate the crack-growth features [33]. The numerical simulation
was based on the 8203 working face of the Datong Coal Mine in China as the prototype.
The results that were obtained showed that the deflection angle of the hydraulic fracture
increases as the mining width increases, but it decreases as the side pressure coefficient and
the fractured horizon increase. Another model and solution results in the problem’s planar
formulation of the hydraulic fracture propagation in the coal seam in the vicinity of the
mines were considered in [34]. It was shown that the stress field is important because it can
have a significant effect on the path of the crack under certain conditions. Liu et al. applied
a phase field method (PFM) to simulate the propagation of a hydraulic fracture close to
the cavity, and they verified the results by comparing them with previously published
experimental data that were derived from cubic samples made of concrete [35]. Chen et al.
investigated the effect of the condition of the excavation stress on the behavior of cracks
using a flow-coupled DEM while performing single-stage and multi-stage HF [36]. The
results of the numerical simulation indicated that the in situ stresses and the location of the
injection have major influences on the propagation of the HF.

Some papers have investigated the situation in which the path of the crack was
directed from the medium towards the cavity. The relevance of the problem is associated
with two main areas of research:

• existing possibility of natural and artificial cracks emerging into the working, which
can disrupt its integrity and possibly stop the underground activity;

• carbonate oil and gas reservoirs, which contain abundant natural fractures and cavities
and have great potential for development via hydraulic fracturing.

The behavior of a hydraulic fracture near a mine in a plane-parallel formulation was
investigated in [37]. It was shown that, when the hydrostatic pressure increases with
respect to critical tensile stress, the fracture begins to deviate from the mine opening earlier
and does not reach its surface. Zhao et al. developed an extended finite element model
(XFEM) for the propagation of HF in fracture-cavity reservoirs that can be used to simulate
the extension of cracks in cases of a single cave and a single natural fracture [38]. The
results indicated severe stress concentrations near caves, resulting in deflections of the
predominant propagation direction of the crack.

Another factor that can affect the trajectory of the propagation of a crack is the
poroelastic properties. It was shown that the lengths and openings of cracks in a poroelastic
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medium, as well as the fracturing pressure, can differ significantly from the values obtained
in the elastic model [39]. It was indicated that the trajectories of cracks near the free surface
in elastic and poroelastic media differ from each other [40]. A fully coupled fluid flow and
geomechanics model for the growth of hydraulic fractures in the near-wellbore region was
validated against the experimental results presented in [41]. Wang et al. developed a poro-
elasto-plastic HF model that allows the estimation of the growth of fractures by considering
the effects of the cohesive zone and the plastic deformation in the bulk formation [42]. Zeng
et al. studied the effects of poroelastic properties and permeability on hydraulic fracturing
in an anisotropic medium [43]. The analysis and experimental results of the initiation and
propagation of tensile fractures in different pore pressure fields were presented in [44]. It
was noted that the magnitude of the local pore pressure contributed directly to the energy
available for the fracture. Later, Wang et al. applied the RFPA2D code to simulate the
hydraulic fracturing mechanism in rock and compared the results with laboratory tests [45].
He et al. used the XFEM code for these same purposes [46]. The process of the propagation
of a hydraulic fracture was simulated using different geo-stress conditions, and the effects
of rock heterogeneity, the pore-fluid pressure coefficient, and the pore-pressure gradient on
the occurrence of hydraulic fracturing were investigated [47].

In this paper, we investigated the development of a hydraulic fracture in a poroelastic
medium that contained a circular cavity and was uniformly compressed at infinity. The
solution to the problem in this setting can be used to simulate hydraulic fracturing close
to mine workings and improve the efficiency and safety of underground operations. The
problem was considered in a plane formulation, and numerical modeling was performed
using the XFEM implemented in the ABAQUS software package.

2. Basic Equations of the Model

Let us consider the problem of crack propagation in a homogeneous poroelastic
medium, the deformations of which are determined by the following equations:

σij = 2µεij + λε0δij − αpδij (1)

where σij is the solid body stress tensor; εij = (∂ui/∂xj + ∂uj/∂xi)/2 is the solid body
strain tensor; ui are the body displacements; λ, µ are the Lame parameters of dry rock; ε0
is the volume strain; p is the fluid pressure within the poroelastic body; and α is the Biot
coefficient. The fluid flow in a porous medium is determined by the continuity equation:

1
M

.
p + α

.
εkk + vk,k = 0 (2)

where M is the Biot modulus, and v is the fluid flow velocity. The coefficients α and M can
be determined through the modulus of volumetric compression of the fluid Kf, the modulus
of volumetric compression of the solid phase (skeleton) Ks, the modulus of volumetric
compression of the porous medium K and porosity γ:

1
M

=
γ

K f
+

α− γ

Ks
,

1
Ks

=
1− α

K
(3)

Filtration of the fluid through a porous medium is specified by Darcy’s law:

vi = −
k
η

pi (4)

where k is the medium permeability, and η is the dynamic viscosity of the fluid.
The fluid flow in the fracture was described by the continuity equation:

∂d
∂t

+∇·→q + vt + vb = 0 (5)
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where d is the crack opening;
→
q = (q1, q3, q2); qi = dk̃(∂p/∂xi); k̃ is the effective permeabil-

ity of the crack in the ith direction; vt and vb are the rates of fluid leakage into the formation
through the upper and lower crack surfaces. Within the problem under consideration we
believe that the fluid flow inside the crack is Poiseuille flow, and the fluid is Newtonian.
Thus, the effective fracture permeability can be defined as:

k̃ = − d2

12η
(6)

In the process of modeling we assume that the fluid flowing in the fracture and the
fluid filtered in the porous medium are the same.

Crack propagation modeling is done using the Cohesive Zone Model (CZM) ap-
proach [48]. It is assumed that there is a softening zone of the material formed right before
the fracture. In this zone, stresses σ occur, and they are associated with displacements u
according to a certain law. Two parameters are required to determine the law, i.e., σc and
GIc. The parameter σc is the critical stress, and GIc is the critical energy release rate during
fracturing, which is calculated as:

GIc =
∫ u f

0
σdu (7)

where uf is the displacement discontinuity that corresponds to the total destruction of
the material.

In the case in which the cohesive failure zone is small compared to the length of the
crack, the stress intensity factor and the critical energy released in failing are related by the
formula [49]:

KIc =

√
GIc

E
1− υ2 (8)

where E is the elasticity modulus of the material.
The destruction of the rock starts when the critical stress, σc, is attained. Then, new

values of the critical stress, σc, and the elastic modulus, E, are calculated, according to the
specified nature of the fracture, which is determined by the fracture variable D(u), which
depends on the deformations outside the linear elastic zone. Figure 1b shows an example
of the function D(u), where D = 0 corresponds to the intact state, and D = 1 corresponds to
complete damage.
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Figure 1. (a) Dependence of tensile stress, σ, in the material on deformations u; (b) the fracture
variable function D(u): 1—exponential, 2—linear damage evolution laws.

The ratios described above that determine the behavior of a rock with a crack were
solved numerically using the XFEM, implemented in the ABAQUS software package. The
XFEM allows one to obtain solutions that contain a displacement jump using discontinuous
functions, and solutions near the apex of the crack can be found using special asymptotic
functions. This method can be used to model the initiation and propagation of the crack in
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the direction that is determined from the analysis of the stress state in the vicinity of the
crack tip, which can be of any kind.

The used XFEM implementation also has several disadvantages. For example, a crack
can split a finite element only completely in a straight line, i.e., the crack tip cannot be
inside the element; it also cannot change the direction while passing through the element.
In addition, the crack is not allowed to turn more than 90◦ in one increment during analysis.
The crack intersection/branching cannot be simulated.

3. Numerical Test Results and Discussion
3.1. Formulation of the Problem

Let us consider the problem of interaction between a hydraulic fracture and a circular
cavity in a plane formulation. Figure 2 shows a 2D area with a circular cavity that has a
radius, R. The initial crack is located at a distance, s, from the surface of the cavity and is
oriented vertically.
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Figure 2. (a) 2D area containing circular cavity and initial crack; (b) Discretization of the model used
for numerical experiments.

In numerical experiments, the size of the area is 40 × 40 m, and the radius of the
cavity is 2.5 m. Figure 2 shows the position of the cavity and the discretization of the
area. The minimum element size is 0.1 m. On the outer boundary of the area, we set the
conditions providing hydrostatic compression, P, in the vicinity of the cavity (Figure 2a).
The boundary of the circular cavity is free. For numerical calculations we define the
following parameters: the elasticity modulus of the rock, E = 3.0 GPa; Poisson’s ratio,
υ = 0.3; dynamic viscosity of the fluid, η = 0.001 Pa·s; critical energy release rate, GIc = 280
N/m; critical stress, σc = 0.75 MPa; fluid injection rate into the crack, q = 0.001 m2/s, and
porosity, γ = 0.1. The medium permeability, k, Biot coefficient, α and Biot modulus, M, are
changed during the calculations.

3.2. Uncoupled Problem

In the first numerical experiment, an uncoupled problem, i.e., α = 0 is considered.
In this case, the results of modeling the hydraulic fracturing correspond to the solu-
tions obtained in the elastic model. Some aspects of such a problem already have been
studied [35,37,50]. Figure 3 shows the paths of the hydraulic fractures at different hydro-
static stresses, P, and different distances between the initial crack and the cavity. The
distance between the initial crack and the cavity, s, is different, i.e., s = 0.5 R, s = R, s = 2 R.
The hydrostatic stress in the medium, P, is equal to 0, 1.5, and 6 MPa. In Figure 3, number
1 denotes the curve obtained at P = 0 MPa, number 2 denotes the curve at P = 1.5 MPa,
and number 3 denotes the curve at P = 6 MPa. Since the computational area is under
hydrostatic compression, the problem is symmetric to the axis normal to the initial crack
and passing through its center. Therefore, when calculating and displaying the results, we
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use only one of the symmetric planes shown in Figure 3. It can be seen that the cavity has
a strong influence on the paths of the hydraulic fracturing, and they are different from
straight lines. The main reason for the curvature of the cracks is associated with the stresses
arising around the cavity under hydrostatic loading. As the hydrostatic stress increases,
the fracture path becomes more curved. Also, when the initial crack is placed closer to the
circular cavity, the influence of the stress around the cavity is enhanced.
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Figure 3. Path of hydraulic fractures at different positions of the initial crack and different hydrostatic
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The paths of the cracks also are influenced by the parameters of the medium. Figure 4a,b
show the paths of the cracks for different values of the critical tensile stress, σc, and the
elastic modulus E. It is seen that, as σc and E increase, the effect of the cavity decreases, and
the cracks are less curved. Changes in the other parameters of the medium, such as the
critical energy release rate, GIc, Poisson’s ratio, υ, and the dynamic viscosity of the fluid, η,
do not lead to significant changes in the directions of the development of the fracture and
are not presented in the article.
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3.3. Influence of Poroelastic Parameters on Hydraulic Fracturing

Next, we consider the influence of the poroelastic parameters on the crack propagation
path using the following example. Let the initial crack be oriented parallel to the surface of
the circular cavity (Figure 5a) and located at a distance equal to half the radius of the cavity
(s = 0.5 R). In the first numerical experiment, the influence of the Biot coefficient, α, on the
crack propagation has been investigated at a constant medium permeability, i.e., k = 1 µm2,
and a constant hydrostatic stress, P, equal to 1.5 MPa. The value of α determines the degree
of mutual influence of the stress-strain state of the solid phase and the pore pressure of the
fluid. The value α = 0 corresponds to a fully uncoupled problem (i.e., the pore pressure
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and the stressed state of the medium do not affect each other), and α = 1 corresponds to a
fully coupled problem in which the influence of the stress-strain state and pore pressure on
each other is maximal. Figure 5a shows the path of cracks near a circular cavity at α = 0;
0.5; 0.75, and 0.9. At the initial stage of crack growth, the stress state around the cavity
has the main influence on the direction of its propagation. In this case, as can be seen in
Figure 5a, there are no differences between the paths of the cracks at different values of
the Biot coefficient. They appear as the lengths of the cracks increase. Curve 1 (Figure 5a)
corresponds to the uncoupled problem and coincides with curve 1, which was obtained by
modeling hydraulic fracturing in an elastic formulation. As the value of α increases, the
effect introduced by pore pressure intensifies, and the path of the fracture deviates more
from curve 1.
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Figure 5. Path of a crack near a cavity: (a) hydrostatic compression of the medium is 1.5 MPa,
permeability k = 1 µm2, and the different numbers indicate the curves obtained for different values
of the Biot coefficients: 1—α = 0; 2—α = 0.5; 3—α = 0.75; 4—α = 0.9; (b) hydrostatic compression of
the medium is 1.5 MPa, the Biot coefficients, α, is 0.75, and different numbers indicate the curves
obtained for different values of the permeability: 1—k = 105 µm2; 2—k = 1000 µm2; 3—k = 100 µm2;
4—k = 1 µm2.

The second numerical experiment presents the recorded value, i.e., α = 0.75, and the
changed permeability of the medium. The hydrostatic compression of the medium is
1.5 MPa. Figure 5b shows the curves for the permeability of the medium that are equal to
105, 1000, 100, and 1 µm2. When the permeability is high (Figure 5b, curve 1), the fracture
path is the same as in the uncoupled problem from the first experiment (Figure 5a, curve 1).
This occurs because there is no significant increase in pore pressure during the deformation
of the medium, and, therefore, it does not affect the growth of the crack significantly. As
the permeability of the medium decreases, the effect of pore pressure increases, and the
fracture paths begin to differ. With the chosen parameters of the model, the position of
curve 4 is the limiting case, i.e., any additional decrease in permeability does not result in
significant changes.

Thus, when the problem coupling increases (α increases) and the permeability de-
creases, then the fractures are less curved. This fact also can be demonstrated in the
following example. Let’s consider a horizontally-oriented, initial crack located at some
distance from the cavity (Figure 6). Figure 6a,b show the path of hydraulic fracturing
for hydrostatic stress in the medium equal to 0.75 MPa and 3 MPa, respectively. Curve 1
denotes a hydraulic fracture for an uncoupled problem (α = 0). Curve 2 denotes a hydraulic
fracture obtained for a coupled problem with the Biot parameter α = 0.75 and permeability
k = 1 µm2. In the case of a coupled problem, it is apparent that the cracks are less curved
and propagation occurs closer to the cavity.
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a coupled (curves 2) problem at various hydrostatic stresses: (a) hydrostatic stress is 0.75 MPa;
(b) hydrostatic stress is 3 MPa.

Next, we consider the features of the behavior of the hydraulic fracturing parameters
near a circular cavity. The formulation of the problem is used as shown in Figure 2a.
Figure 7a shows the direction of crack propagation, β, as a function of the angle ϕ, which
is the angle between the horizontal line and the segment that connects the center of the
cavity and the tip of the crack (Figure 7b).

The curves in Figure 7a were obtained for the initial crack located at a distance s = 0.5 R
from the cavity. The hydrostatic stress in the medium is 1.5 MPa. The dotted line represents
a curve in case the hydraulic fracture is propagated circumferentially around the cavity.
When the problem coupling increases (α increases), it is apparent that the presence of a
cavity has less effect on the trajectory of the crack. The curves for high α move away from
the dotted line faster, and the direction of the propagation of the crack does not change
from the angle ϕ. Paths differ slightly up to angle values of 40–45 degrees.

The fluid pressure inside the fracture has specific features during the propagation of
hydraulic fracturing near the cavity. Figure 7c,d show the fluid pressure on the mouth of
the crack, depending on the time of injection and the half-length of the crack. The presence
of a minimum on the curves is clearly visible. Such a minimum is not observed during
the development of a crack in a homogeneous area. This minimum is associated with the
peculiarities of the stress state arising around the cavity under the hydrostatic stress of
the medium. In addition, the graphs show that when the Biot coefficient, α, increases, the
fluid pressure (including the value of the minimum) also increases. Figure 7e,f show the
opening of the mouth of the fracture. Figure 7e shows that no features are observed for
the time dependence. As expected, when the problem coupling increases, the opening of
the fracture mouth and the fluid pressure increase. If the opening of the fracture mouth
is plotted as a function of the fracture half-length (Figure 7e), the inflection points on the
curves can be seen.
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Figure 7. (a) The direction of crack propagation, β, as function of the angle, ϕ, between the horizontal
line and the segment that connects the center of the cavity and the tip of the crack; (b) image of angles
β and ϕ; (c,d) pressure on the mouth of the crack as a function of injection time and the half-length of
the crack for different values of α; (e,f) opening of the mouth of the crack as a function of injection
time and the half-length of the crack for different values of α; (a,c–f) were obtained for a hydrostatic
stress in the medium equal to 1.5 MPa and an initial crack located at the distance of s = 0.5 R from the
cavity (half of the radius of the cavity).

3.4. Influence of s and P on the Hydraulic Fracturing Parameters

In the following numerical experiments, we investigate the effect of the hydrostatic
stress in the medium and the distance between the initial crack and the cavity on the fluid
pressure and the opening of the mouth of the crack. For simplicity, here, we will consider
the uncoupled problem. In the first experiment, the crack was located at a distance equal
to half of the radius of the cavity (s = 0.5 R), and the hydrostatic pressure in the medium
was changed. Figure 8a,b show the pressure curves that were obtained as a function of
injection time and the half-length of the crack for P = 0, P = 1.5 MPa, and P = 3 MPa. The
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graphs show that the fracture pressure increases as the hydrostatic stress increases. At the
same time, the minimum on the pressure curves becomes more pronounced (which can be
seen better in Figure 8b) when plotting the pressure versus the half-length of the crack).
In the absence of hydrostatic stress, the minimum pressure disappears. Figure 8c,d show
the opening of the mouth of the crack. As expected, the opening of the mouth of the crack
increases as the pressure of the fluid increases. If the opening of the mouth of the crack
is drawn as a function of the half-length of the crack (Figure 8d), it can be seen that, for a
hydrostatic stress of 3 MPa, the opening pressure changes insignificantly when a certain
length is reached.

In the next experiment, the hydrostatic stress in the medium is 1.5 MPa, and the
distance from the initial crack to the cavity changed and is equal to 0.25 R, 0.5 R, and 1.0 R.
Figure 8e,f show the fluid pressure at the mouth of the crack. It can be seen that, when the
initial crack gets closer to the cavity, the fluid pressure at the mouth for the initial stages of
crack propagation decreases, and the minimum becomes more pronounced. Figure 8g,h
show graphs of the opening of the mouth of the crack. Figure 8h shows that, when the
initial crack is close to the cavity, the opening quickly reaches a certain value, after which it
changes insignificantly. At the same time, a decrease of the distance s leads to an increase in
the values of the opening of the mouth at the initial stages of the propagation of the crack.

Thus, we have shown that the value of the minimum on the pressure curve is sensitive
to the stress state in the medium and the position of the initial crack. Based on these facts, in
the future, we plan to develop a method for determining the stress state of a rock mass near
mines. The method will consist of performing a series of hydraulic fracturing treatments
near the mine in order to record the fluid pressure curves in the crack. In addition, the
inverse problem of determining the stress state will be solved.

The results of the provided numerical experiments comport with the existing research.
Figures 3–6 show that, with an increase in material strength and elastic modulus and
decrease in permeability, fracture trajectories are less curved, which is consistent with the
conclusions in [41,50–52]. Additionally, in the work, the Biot coefficient characterizing the
degree of problem coupling was used to study the effect of the medium’s poroelastic model
on hydraulic fracturing (Figures 5a and 7).

Additionally, unlike in other research [35,52,53], the problem was formulated when
the initial crack is oriented parallel to the surface of the circular cavity and removed from it
at a given distance, thus making it possible to observe the change in fluid pressure at the
fracture and crack mouth opening during the crack’s growth. Figure 7 shows that, when
taking the poroelasticity into account, it leads to fluid pressure increases in the fracture,
which was observed in other research [39,51].
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Figure 8. (a,b) Fluid pressure at the mouth of the crack as a function of injection time and fracture
half-length for s = 0.5 R and different hydrostatic stresses, P; (c,d) the crack mouth opening as a
function of injection time and crack half-length for s = 0.5 R and different hydrostatic stress, P; (e,f) the
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4. Conclusions

This article describes a study that was conducted to determine the propagation of a
hydraulic fracture near a circular cavity in a poroelastic medium. Numerical method XFEM
implemented in the ABAQUS software package was used for research. It was shown that
the presence of a cavity affects the path of a crack. The path of a crack depends strongly on
the state of the stress in the medium and the distance between the crack and the cavity. The
closer the initial crack is to the cavity and the higher the stress is in the medium, the more
curved the crack will become. It was shown that the values of the Biot coefficient and the
permeability of the medium also affect the paths of hydraulic fractures. The crack curved
less for a high value of Biot’s coefficient and low permeability. It was shown that the fluid
pressure in the crack during injection has a minimum value, and this value depends on the
poroelastic parameters, the stress state of the medium, and the position of the initial crack.
The higher the stress is in the medium and the smaller the distance is between the initial
crack and the cavity, the more pronounced the minimum becomes. It also was shown that
the opening in the mouth of the crack increases both with an increase in the stress and a
decrease in the distance between the crack and the cavity.

In this work, we considered the 2D problem in order to understand the main features
of the development of hydraulic fractures near cavities, depending on the parameters of
the model used. This simplification is clearly not always correct. Therefore, further efforts
will be aimed at solving a similar 2D problem. Despite the importance of studying the
process of crack propagation near the cavity in a 3D setting, few studies, to the best of
our knowledge, cover this issue. One of the reasons for this is the high computational
complexity of existing modeling algorithms. However, we hope that the XFEM method
with its advantages remains a suitable tool for solving the problem.

We also note that, in this study, much attention is paid to the behavior of the fluid
pressure in the fracture depending on the parameters and geometry of the problem, which
complements the existing work in the literature. One of the reasons why this was consid-
ered in such detail is the possibility of creating a new method for determining the stress
state of a rock mass by analyzing the pressure of fracturing fluid carried out near a mine
working. The development of this method is the goal of future research.
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