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Around 70% of the world's hydrocarbon fields are situated in reservoirs
containing low-strength rocks, such as sandstone. During the production of
hydrocarbons from sandstone reservoirs, sand-sized particles may become dislodged
from the formation and enter the hydrocarbon fluid flow. Sand production is a
significant issue in the oil industry due to its potential to cause erosion of pipes and
valves. Separating grains from oil is a costly process. Oil and gas companies are
motivated to reduce sand production during petroleum extraction. Hydraulic
fracturing is one of the parameters that can influence sand production. However,
understanding the complex interactions between hydraulic fracturing mechanisms
and sand production around wellbores is critical for optimizing reservoir recovery
and ensuring the integrity of production wells. This article explores the integrated
simulation approach to model hydraulic fracturing processes and assess their effects
on sand production. Two-dimensional models were created using the discrete
element method in PFC2D software for this research. The fractures' length in the
models varies based on the well's radius. The angle between two fractures at 90 and
180 degrees to each other was also modeled. In the first case, the length of the
fracture is less than the radius of the well, in the second case, the values are equal
and finally, the fracture length is assumed to exceed the well radius. The calibrated
and validated results demonstrate the change in sand production rate in comparison
to the unbroken state.

1. Introduction

Mining Engineering

As a technique for fracturing underground rock
formations using pressurized fluid, hydraulic
fracturing has been used extensively in areas as
diverse as reservoir stimulation, in-situ stress
estimation, caving and fracture response in
mining, geothermal energy extraction, and
subsurface environmental remediation [1, 2, and
3]. Hydraulic fracturing is a crucial technique for
extracting oil and gas from unconventional
reservoirs. It creates fracture networks that serve
as transport paths in tight formations. Since the
first field test was performed on a gas well at the
Hugoton field in 1947 [4], hydraulic fracturing
has been extensively researched by both academia
and industries using experimental tests, field
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trials, and numerical simulations [5, 6]. In order to
facilitate the study of hydraulic fracturing, certain
aspects of the problem must be simplified or
disregarded in analytical and numerical
investigations. This has resulted in the
development of various modelling approaches
with different levels of applicability and
limitations. Hydraulic fracturing modelling has
been extensively studied by researchers in both
petroleum engineering and fracture mechanics [7,
8, and 9]. Numerous hydraulic fracturing models
have been developed to improve the design of
hydraulic fracturing treatments or to understand
some specific mechanisms such as screen-out,
near-wellbore tortuosity, etc. During the period
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from the 1950s to the 1980s, several classic
hydraulic fracturing models were developed [10].
These include the Kristianovich-Geertsma-de
Klerk (KGD) model, the Perkins-Kern-Nordgren
(PKN) model, the pseudo 3D (P3D) model, and
the planar 3D (PL3D) model. The P3D and PL3D
models have remained popular in commercial
simulators for hydraulic fracturing design until
recently. However, in recent decades, a wider
range of numerical methods, such as the finite
element method (FEM), the extended finite
element method (XFEM), and the discrete
element method (DEM), have been applied and
adapted to model hydraulic fracturing [11]. Eshiet
et al. [12] simulated hydraulic fracturing in
materials with mechanical properties resembling
rock and soil. The study investigates the effects of
injection parameters and rock properties on
hydraulic fracture initiation and propagation using
PFC2D [13]. Hofmann et al. [14] simulated the
simultaneous propagation of multiple hydraulic
fractures under different completion designs
(stage spacing, wellbore spacing, etc.) and
treatment parameters. The fracture patterns
obtained in these numerical cases were transferred
to a finite element reservoir model to investigate
the impact of completion design and treatment
parameters on the efficiency of fracture networks.
Shimizu et al. [15] investigated the influence of
heterogeneous particle size and fluid viscosity on
initiation and propagation of hydraulic fractures
using a DEM code. The indirect boundary
element method in form of the modified
displacement discontinuity method is also used
for the simulation of hydraulic fracturing
mechanism in porous and fractured rocks [16-19].

Hydraulic fracturing operations can be a
contributing factor to sand production. Sand
production is a common occurrence in oil wells.
In order to develop an optimal well completion
and recovery strategy, predicting sand production
and its rate is critical. Various methods, including
analytical, experimental, and numerical, are used
to predict sand production. These methods are
highly complementary. They should be combined
to ensure a realistic and consistent approach to
sand production prediction. According to sources
[20, 21], this phenomenon is common. Field
observations indicate that perturbations in flow
gradients and effective stress acting on the porous
matrix of the formation initiate the fracturing of
small portions of the rock. According to the
Society of Petroleum Engineers (SPE), a
significant portion of the world's hydrocarbon
reserves are contained in sandstone and are
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therefore susceptible to this phenomenon.
According to research [22], approximately
seventy percent of the world's hydrocarbon
reserves are found in reservoirs where sand/solids
production may occur. Bianca [22] proposed that
the production of sand/solids in oil-producing
wells is influenced by three main factors: the
magnitude and variation of in-situ stresses,
pressure gradients, fluid flow velocity, changes in
fluid saturation, the strength factor (material
strength, inter-particle friction, sand arches, and
capillary forces), and operational factors (drilling
and completion strategies, production procedures,
and reservoir depletion). For more information on
sand/solids production operational aspects and
mechanisms, refer to [20, 22]. Previous studies
have highlighted the difficulty in predicting sand
production [15, 20]. Furthermore, the numerical
modelling of this phenomenon is complex due to
the intricate interaction between fluid and solid
[24, 25, and 26].

The article [27] provides a detailed description
of the tests and modeling of sand production. The
present research results are compared with those
of previous studies. This research examines the
impact of fractures on sand production in models.
The software PFC2D-generated model represents
a laboratory-scale, two-dimensional cross-section
of an oil well. The length of the fracture changes
according to the radius of the well. In the first
three cases, the length of the fracture is shorter
than the radius of the well (a=15 mm, r = 30 mm).
The next state is when the radius is equal to the
fracture length (a=30 mm, r = 30 mm). In the last
three cases, the length of the modeled fracture is
considered to be greater than the radius (a=50
mm, r = 30 mm).When fractures are added to the
model, the amount of sand production is
measured.

2.  Physical
Models

Processes and Mathematical

Hydraulic fracturing is a process used to
fracture underground rocks by injecting
pressurised fluid into the formation, as shown in
Figure 1. The process involves three basic steps:
(1) deformation of rocks around the fracture; (2)
fluid flow in the fracture; and (3) fracture
initiation and propagation [3, 28]. Hydraulic
fracturing involves not only basic physical
processes but also several secondary physical
phenomena. These secondary processes are often
considered in various analytical and numerical
models.
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Figure 1. Hydraulic fracturing as a multistage and multi-physics process [28].

2.1. Rock Deformation

Rock deformation is determined by rock
properties and related boundary conditions, such
as fluid pressure and in-situ stresses. The
heterogeneous nature of rock formations makes it
difficult to represent realistic rock properties in a
numerical model. Additionally, rock deformation
often exhibits Elastoplastic behaviour, which is
further complicated by its porosity. Linear
elasticity is one of the most widely adopted
simplifications. The equilibrium condition of
rocks is expressed as:

Vo +pg = pu (1)

Where p denotes the local density of rock, g
the gravity acceleration, and u the displacement.
In certain cases, such as a linear fracture in two-
dimensional space or a planar fracture in three-
dimensional space, the width of the fracture can
be directly calculated using analytical solutions
derived from elasticity theory [29, 30, and 31].
Poroelasticity has been widely adopted to
consider the effect of porosity and pore pressure
in rock formation. According to Biot's
consolidation theory [32], additional parameters
are introduced to describe rock properties, such as
the Biot modulus, effective stress coefficient, rock
permeability, and existing pore pressure. Rock
deformation is calculated and presented
differently  depending on the numerical
discretization approach used. In continuum-based
methods, such as the boundary element method
and FEM, deformation is calculated based on a
discretization mesh and presented by nodal
values. In  discontinuum-based  methods,
deformation is calculated and presented by the
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movement of particles or blocks. The method
used to calculate rock deformation has an impact
on other numerical components in a hydraulic
fracturing model. This is a crucial aspect of
hydraulic fracturing simulators.

2.2. Fluid Flow in the Rock Fracture

Hydraulic fracturing differs from traditional
fragmentation problems due to the intrinsic
coupling between fracture propagation and fluid
flow, making it more challenging to model. To
consider the effect of fluid flow in the numerical
framework of hydraulic fracturing, a uniform fluid
pressure can be applied to the fracture surface
[33]. However, this simplified approach can cause
significant modelling errors, except for certain
special cases with low viscosity fluids and high
toughness formations. A more rational approach
to modelling fluid flow in fractures is based on the
lubrication theory. This theory recognizes that the
aperture of a hydraulic fracture is always much
smaller than its height and length [34, 35]. The
use of lubrication theory in hydraulic fracturing
modelling is widespread, with Poiseuille's law (or
cubic law) being commonly employed to relate
flow rate to pressure gradient along the hydraulic
fracture. In the case of fluid flow in a two-
dimensional hydraulic fracture, Poiseuille's law is
expressed as:

~widp
T 12uds
Where q is the flow rate, w is the fracture
width, u is the viscosity of the fracturing fluid, p

is the fluid pressure, and s is the local coordinate
aligned with the tangential direction to the

q )
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fracture path. Taking into account the leakoff
effect, the continuity equation is expressed as
(where g is the leakoff flow rate):

dw dq

=/, 1 = 3

gt Tgs Ta=0 3)
The Poiseuille's law and the continuity

equation mentioned above are commonly used in
2D discrete fracture analysis and can be extended
to 3D analysis by considering the flow rate and
pressure gradient in different directions [36, 37].
The lubrication theory is commonly used to model
the pressure drop along the hydraulic fracture due
to its ease of implementation and computational
efficiency. It is important to note that Poiseuille's
law, which is only valid for laminar flow, is the
main flow regime during hydraulic fracturing
operations. However, turbulent flow may also
occur during hydraulic fracturing when the
injection flow rate and properties of the fracturing
fluid vary over a large range [38, 39].

2.3. Fracture propagation mechanisms

Fracture criterion is an essential component of
hydraulic fracture models as it determines fracture
propagation. The choice of fracture criterion in
hydraulic fracturing simulations largely depends
on the specific numerical scheme used to
discretise the rock formation. Linear elastic
fracture mechanics (LEFM) and cohesive zone
models are commonly employed in discrete
fracture approaches [40]. The LEFM criteria
comprise the maximum tensile stress criterion, the
minimum strain energy density criterion, the
maximum principal strain criterion, and the
maximum strain energy release criterion [41].
Among these, the maximum tensile stress
criterion is the most commonly used and can be
expressed as:

6 0 3
cosE(k, cos— _Ek” sin 8) > k. “4)

2
Where k;, k;; and k. are the stress intensity
factors for the mode I fracture, the mode II
fracture and the fracture toughness respectively,
and the propagation direction 6 is determined by
(sgn, denotes the sign function):

0 1k
tans =~ ——

ke,
= ) |2+ 8
2= 2\ %, sgn(ky) (k”) +

©)
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The stress intensity factor criteria are typically
used when treating rock as a linear elastic
material. To account for non-linear mechanical
effects, the cohesive zone model, first developed
by Dugdale [42] and Barenblatt [43], is
commonly used, as shown in Figure 2. This model
assumes a process zone ahead of the actual
fracture to avoid the singularity near the crack tip.
In the process zone, a traction-separation law is
introduced to define the relationship between
fracture width and cohesive traction. This
relationship can take different forms. When
simulating fracture propagation using smeared
fracture models, the strain threshold and Mohr-
Coulomb failure criterion are typically used to
determine whether an element will become
damaged [44]. For discontinuum based methods,
the fracture is represented by the breakage of
bonds between particles or blocks, and therefore
the corresponding fracture criterion is implicitly
determined by the rule of bonds breakage.

Figure 2. Schematics of zone model, definitions of
model parameter [44].

3. Sand Production Mechanisms

Sand production is a process that involves two
mechanisms: mechanical instabilities that cause
localized plastic behavior and failure of the rock
around the cavity, and the subsequent
transportation of sand particles due to fluid drag
forces. This process is a coupled fluid and solid
process [45]. The sandstone rock initially fails
close to the cavity, and the failed material is then
eroded by the flowing fluid. These two
mechanisms are interdependent. Stress
concentrations around the eroded cavity result in
increased damage, which increases the amount of
cohesionless material that can be dislodged. The
classical approach focuses on identifying the
conditions that trigger sand production, including
several failure modes, relevant conditions, and
controlling operational variables [46]. Figure 3
illustrates the three-step process of sand
production: near-wellbore damage, perforation,
and transportation. Sand production initiates with
the formation of small holes around the borehole,
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which then extend and eventually connect to form
a larger hole. This sudden increase in the size of
hole causes sand to enter the well [46]. It is
important to note that this classification is based
on the amount of sand produced in the well over
time. To prevent sand production it is necessary to
identify and address the underlying causes. Sand
production in wells can be caused by a number of
factors, including disturbed stratigraphic stress
balance, fluid movement, and reduction in
reservoir  pressure, reduction in structure
toughness, rock fatigue and increased production.
Sand production is typically classified into three
states: unstable, stable and catastrophic [46].

( well

./Sand \

Sand

Formation

O Fluid Ooo
4 0?" ‘,

\y'eilboi;g
damage

Transport WUV mon

Figure 3. Sand Production Mechanism [46].

4. Discontinuum-Based Methods for Modeling
the Hydraulic Fracturing

Cundall [47] was the first to develop a Discrete
Element Method (DEM) model for analyzing rock
mechanics problems. Unlike the continuum
approach, this model describes the rock media as
a discrete system of deformable polygonal blocks.
The solution procedure alternates between
applying Newton's second law for blocks and
force-displacement law for contacts between
blocks. ITASCA Consulting Group developed a
2D numerical software called Universal Distinct
Element Code (UDEC) and its 3D version, Three-
Dimensional Distinct Element Code (3DEC),
based on this pioneering work. The Particle Flow
Code in 2D and 3D (PFC2D and PFC3D) has
been developed using DEM, which employs rigid
disks or spherical particles in a simplified manner.
PFC differs from UDEC and 3DEC in several
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aspects. Firstly, the discrete elements (disks in 2D
and spheres in 3D) are rigid, while the blocks in
UDEC or 3DEC can be either deformable or rigid.
Secondly, interaction between discrete elements is
easier to model in PFC compared with UDEC and
3DEC, making PFC more efficient. Finally, the
extent of displacement is not limited in PFC [48].
Fractures in PFC are represented by voids and
channels. The interaction between particles can be
described by several built-in contact models,
which simulate shear and/or tensile forces
between particles. Fluid flow is simulated using a
void-channel system. The fluid flows through the
channel according to Poiseuille's law, while the
fluid pressure change inside voids is computed
based on the continuity equation and fluid
compressibility property [49, 50]. Unlike
continuum methods, DEM simulates hydraulic
fracturing from a microscopic perspective. The
advantages are manifold: (1) no additional
fracture criterion is required to control fracture
propagation; (2) initiation and propagation of
hydraulic fractures can be simulated in a unified
framework; and (3) there is no need to update the
topology with the propagation of hydraulic
fractures. However, the relevant parameters must
be calibrated prior to application to ensure
accurate modelling of the macro scale mechanical
behaviour of the rock [51].

4.1. Research Methodology

When modelling particles and materials, the
most appropriate method is the discrete element
method, and it is recommended to use PFC
software. Modelling any type of test using PFC2D
software involves two main coding parts. The first
part consists of creating a sample with appropriate
specifications, such as compression, porosity, and
desired geometry, with standard dimensions. The
second part involves uploading the sample. The
standard process for creating samples for rock
modelling includes five steps:

i) The initial step is to compress the granular
particles by creating walls using flat and
frictionless plates. Then, a set of particles with the
desired distribution is produced to fill the
container. The number of particles used in the
initial compaction is determined to achieve the
desired initial porosity of the model in the particle
assembly container. The particles are placed
randomly in the environment with a maximum
radius equal to half the desired radius to prevent
overlap. Then, the particle radius is increased to
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achieve the desired porosity for the modeled
assembly.

ii) To achieve isotropic stress in the particle
assembly, the radius of all particles within the
container is reduced. The isotropic stress
condition is obtained by calculating the average
direct stress, which is the result of dividing the
total force on the walls by the cross section of the
modeled sample.

iii) To create a reliable geometrical model, it is
advisable to exclude or limit the amount of
suspended (unattached) particles in the particle
assembly.

iv) To create appropriate parallel bonds
between particles in the assembly, a regular
network is formed in all adjacent particles. This is
achieved when the distance between surfaces is
less than 10 times the average radius of the two
particles.

v) The production process entails eliminating
floating particles and walls from the model's
periphery, enabling it to move freely and reach
equilibrium.

Before conducting numerical modelling and
verifying the mechanism, it is essential to create
an artificial rock sample and calibrate the
numerical model using the laboratory artificial
rock. This ensures that the macromechanical
behaviour of the numerical model of the artificial
rock, such as uniaxial, triaxial, and Brazilian
resistance, aligns with the mechanical behaviour
of the virgin rock. The modelling is performed in
two dimensions using the Particle Flow Code
(PFC2D). Calibration was carried out using
laboratory test results for the uniaxial compressive
strength of two artificial sandstone rocks.

4.2. Model geometry

This section outlines the simulation of a
synthetic sanding test using the DEM model. The
model geometry and boundary conditions are
specified first, followed by a description of the
results of a series of sensitivity analyses to
optimize. The DEM model was created in a
rectangular box with a length and width of 150
mm each. The domain is bounded by four
frictionless rigid walls, as shown in Figure 6.
Parallel bonds were randomly imposed on 30% of
the contacts after the material generation stage.
The bond radius multiplier was randomly varied
between 0 and 1, as described by Rahmati (2013)
[52]. The vertical borehole with 30 mm radius
was drilled by gradually decreasing the grain
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stiffness inside the borehole to zero followed by
removing the grains inside the borehole. Initial
analysis was carried out until the average
unbalanced forces divided by the average contact
forces was smaller than 1%. The fluid flow model
was linked to the DEM model.

The article [27] provides a detailed description
of the tests and modeling of sand production. The
present research results are compared with those
of previous studies. This research examines the
impact of fractures on sand production in models.
Fractures in the form of Figure 4 are added to the
models, and the amount of sand production is
measured.

In all cases, the stress value is equal to 35 MPa
and the fluid pressure is equal to 2 MPa [27]. In
the first three cases, the length of the fracture is
shorter than the radius of the well. We also check
to include a fracture angled different from the first
(a=15 mm, r = 30 mm). The next state is when the
radius is equal to the fracture length (a=30 mm, r
=30 mm). In the last three cases, the length of the
modeled fracture is considered to be greater than
the radius (a=50 mm, r = 30 mm), Figure 5.

4.3. Calibration of the geomaterial model

Numerical modelling using FLAC and UDEC
software requires the direct extraction of macro-
mechanical properties such as Young's modulus,
Poisson's ratio and uniaxial resistance from
laboratory results and their application to the
model. In PFC, it is not possible to directly apply
macromechanical properties to the model. Instead,
the ideal macromechanical properties of the
model should be estimated by selecting
appropriate micromechanical properties, such as
normal and shear stiffness of connections and
Young's modulus of connections. This will ensure
that the numerical and laboratory
macromechanical behavior is similar. The two
samples chosen for calibration are from Natalia
Pera's work (Natalia Pera, 2016) [54]. The single-
axis machine contains the same two samples, 1
and 2, used in the laboratory stage [27]. Table 1
provides the specifications and features of these
samples. The particles are disk-shaped, with a
diameter ratio greater than 1 between the largest
and smallest grains. If the grain dimensions are
equal (ratio = 1), the behavior will be isotropic,
which differs from the natural behavior of rock
grains. For this analysis, dimensions of 0.6 and
0.7 were selected to reflect static conditions.
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(€4 (h) @
Figure 4. The fractures created in the modeling around the well with a radius of 30 mm, a) One fracture (a<r),
b) Two fractures with an angle of 90 degrees to each other (a<r), ¢) Two fractures with an angle of 180 degrees
to each other (a<r), d) fracture (a=r), ¢) Two fractures with an angle of 90 degrees to each other (a=r), f) Two
fractures with an angle of 180 degrees to each other (a=r), g) fracture (a> r), h) Two fractures with an angle of
90 degrees to each other (a>r), i) Two fractures with an angle of 180 degrees to each other (a> r).

Table 1. Micro-Parameters for calibration

Micro parameters Sample 1 Sample 2

Particle type Disc Disc

Density (g/cm3) 1.92 1.74

Minimum disk radius 0.2 0.2

damping coefficient 0.7 0.6

Young's modulus of contact (GPa) 15 13.8

Hardness ratio of contact connection 3.6 2.9

Young's modulus of parallel connection (GPa) 15 13.8

Parallel connection stiffness ratio 3.6 2.9

friction coefficient 0.4 0.4

Normal resistance of parallel connection (MPa) 29 31.5

Shear strength of parallel connection (MPa) 29 31.5

Parallel bond adhesion (MPa) 14.5 15

For the uniaxial compression test simulation, and both samples have the same dimensions. The

we used a model depicted in Figure 6. The model loading is simulated by two moving plates that
has a height of 110 mm and a width of 50 mm, apply pressure to the set of disks.

247



Yazdani et al. Journal of Mining & Environment, Vol. 16, No. 1, 2025

(@) (b)

(d)

® (h) @
Figure 5. Models made in the PFC2D by creating different fractures, a) One fracture (a<r), b) Two fractures
with an angle of 90 degrees to each other (a<r), ¢) Two fractures with an angle of 180 degrees to each other (a<
r), d) fracture (a=r), e) Two fractures with an angle of 90 degrees to each other (a=r), f) Two fractures with an
angle of 180 degrees to each other (a=r), g) fracture (a>r), h) Two fractures with an angle of 90 degrees to each
other (a>r), i) ) Two fractures with an angle of 180 degrees to each other (a> r).

Figure 7(a) shows the stress-strain diagram
obtained from the numerical simulation of
sandstone 1 and the fracture pattern of the
numerical model. In (b), the stress-strain diagram
obtained from the numerical simulation for
sample 2 is displayed. The results of the uniaxial
compressive strength test in this research are in
acceptable agreement with the numerical and
laboratory results of two sandstone samples, as
presented in Table 2. This table will be used for
Figure 6. Model built under uniaxial test, height of further discussions and modelling in the software.

110 mm and a width of 50 mm.
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Figure 7. Stress-strain diagram obtained from numerical modeling of: a) sample 1, b) sample 2.

Table 2. Macromechanical parameters for calibration in PFC2D

Young's modulus . .
g Poisson's ratio

Uniaxial compressive strength

The results of the

(Gpa) (MPa) samples as:
8.5 - 33 Laboratory
8.5 0.18 31.8 (Natahg pera, 201.6) Sample 1
015 36 Numerical modeling of
) this article
6 - 28 (Natalia pera, 2016)
6.5 0.19 26.5 Numerical modelingin = ¢, 1 o
this research
4.5 0.15 32
4.4. Validation results from 2016 [53] for the case where the fluid

To ensure objectivity, the numerical modelling
results obtained from PFC2D should be validated
by model fitting with the laboratory test results. In
this study, we compare the fluid pressure
parameters with the laboratory results of Natalia
in 2016 (Natalia Pera, 2016) [54] and the
simulation results of [53]. We use the calibration
results of Sandstone B for validation. To simulate
sand production, we constructed a sample
measuring 15x15 cm with a 3 cm diameter hole
containing disc particles ranging from 0.2 to 0.3
mm in radius, using the data from [27]. Figure 8
illustrates the constructed example.

Figure 9(a) displays the simulation results in
PFC2D software, while (b) shows the Yifie results
from 2016 [53] for the case where the fluid
pressure is 10 MPa. The way in which the
particles are separated and emptied around the
wall is in good agreement with the 2016 Yifie
results. Figure 9(c) presents the simulation results
in PFC2D software, and (d) shows the Yifie
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pressure is 25 MPa. The results of the uniaxial test
modelling in this study are in relatively good
agreement with the uniaxial compressive strength
results of Sandstone B, with a difference of
approximately 10%. Additionally, the simulation
results from both PFC2D software and Yifie in
2016 demonstrate that PFC2D software is a
reliable and accurate tool for modelling sand
production mechanisms.

Figure 8. Model made in PFC2d.
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5. Numerical modeling results

The modelling results of sand production
without fracturing in the research [27] are the
benchmark against which the new results can be
compared. In the first three cases, the length of the
fracture is shorter than the radius of the well. We
also check to include a fracture angled different
from the first (a=15 mm, r = 30 mm). The
production of sand increases when a crack is
created compared to the case without a crack
(Figure 10a). When two cracks are placed at a 90-
degree angle (Figure 10b), the production rate
becomes milder and is not significantly different
from the case of a 180-degree angle (Figure 10c).
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(d
Figure 9. Comparison of simulated models with Yifie's models: a) Simulation results with fluid pressure of 10
MPa, b) Yifie's results [53] at a fluid pressure of 10 MPa, ¢) Simulation results at a fluid pressure of 25 MPa, d)
Yifie's results [S3] at a fluid pressure of 25 MPa.

In general, the amount of sand production
increases in this case (Figure 10d). The minimum
and maximum levels of sand production are 140
gram and 450 gram, respectively.

In the second case, the fracture length equals
the radius of the well. At the beginning of
sandblasting, the amount of sand production is
higher than in the previous state, but the overall
production rate is lower (Figure 11). The
minimum and maximum levels of sand production
are 200 and 350 gram, respectively. The
maximum amount of sand production when a <r
is equal to 450 grams and when a = r is equal to
340 grams (Figure 11d).
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Figure 10. Modeling results for the case where the crack length is less than the radius of the well (a=15Smm<r
=30mm), a) One fracture, b) Two fractures with an angle of 90 degrees to each other, ¢) Two fractures with an
angle of 180 degrees to each other, d) The average of the previous three states.

In the final scenario, where the fracture length
exceeds the well radius, the likelihood of sanding
initiation has decreased and the trend of the
production rate is almost the same in all three
cases (see Figure 12). The minimum and
maximum levels of sand production are 100 and
290 gram, respectively. The maximum amount of
sand production when, a > r is equal to 300 grams
and when, a = r is equal to 340 grams (Figure 12).
The decrease in sand production rate is noticeable
compared to the previous six cases.
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6. Discussion

The purpose of this section is to compare the
results of hydraulic fracture modelling with sand
production modelling. The research [27] explains
the sand production process through laboratory
tests, samples, and numerical modeling results.
The models of the hydraulic fractures are similar
to the models that were created in the above
mentioned research. Figure 13 shows the sand
production model and its results [27]. The
minimum and maximum levels of sand production
are 270 and 400 gram, respectively. Figure 14
shows the sand production in the modeled area
after hydraulic fracturing.
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Figure 14. Modeled sections with 35 MPa stress and 2 MPa fluid pressure, a) One fracture (a<r), b) Two
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to each other (a>r), i) ) Two fractures with an angle of 180 degrees to each other (a>r).
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The sand production graph shows (Figure 15)
that sand production increases significantly after
hydraulic fracturing (HF). The red line of the
graph shows the pre-HF sand production, which
averages about 200 g/min. The blue line in the
graph shows sand production after HF, which
averages about 400 g/min. This shows that HF

Journal of Mining & Environment, Vol. 16, No. 1, 2025

almost doubles the sand production. This increase
in sand production is due to several factors.
Firstly, HF causes the rock to fracture and open
pores. This allows water and sand to flow more
easily through the rock. Secondly, HF makes the
sand finer and more granular.
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Figure 15. Sand production rate before and after hydraulic fracture - length of fracture (a) is less than the radius
of the well (r).

The graph shows in Figure 16, Figure 17 the
average sand production before and after
hydraulic fracturing. The average sand production
before hydraulic fracturing is higher than the
average sand production after hydraulic
fracturing. This suggests that hydraulic fracturing
can be an effective way to reduce sand
production.

There are a few possible explanations for this.
One possibility is that hydraulic fracturing creates
new pathways for the flow of oil and gas, which
reduces the pressure on the formation and makes
it less likely that sand will be produced. Another

possibility is that the fracturing fluid helps to
consolidate the formation, making it less likely
that sand grains will be able to detach and flow
into the wellbore. It is important to note that the
effectiveness of hydraulic fracturing in reducing
sand production can vary depending on the
specific formation and the fracturing treatment
that is used. In some cases, hydraulic fracturing
can actually increase sand production. For
example, if the fracturing fluid is not compatible
with the formation, it can weaken the rock and
make it more likely that sand will be produced.
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Figure 16. Sand production rate before and after hydraulic fracture - length of fracture (a) is equal to the radius
of the well (r).
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Figure 17. Sand production rate before and after hydraulic fracture - the length of the fracture (a) is greater
than the radius of the well (r).

Hydraulic fracturing in oil wells can influence
the mechanism of sand production, the increased
pressure and stimulation from hydraulic fracturing
can alter the stress distribution in the reservoir
rock, potentially leading to changes in sand
production patterns. Factors such as the
geomechanical properties of the rock, the type and
size of proppant used and the characteristics of the
reservoir itself can all influence the likelihood and
extent of sand production.

7. Conclusions

Sand production as one of the problems in the
production stage of a wellbore was studied. A 2d
discrete element model was built to study the
volume of sand production in a wellbore.
Fractures were incorporated into the model,
resulting in a significant alteration of sand
production due to changes in length and angle.
Changing the angle of the fracture, except in few
cases (6 = 180°), does not have much effect on
changing the sand production rate. Changing the
fracture length plays a greater role in changing the
sand production rate. If the length of the fracture
is less than the radius of the well (a <r), it can be
concluded that the amount of sand production is
higher than in other cases because the crack is
located almost in the crushed zone. If the length of
the fracture exceeds the radius of the well (a > 1),

the release of stresses causes a decrease in
pressure, resulting in a reduction in sand
production. Hydraulic fracturing can induce

reservoir compaction, which refers to the settling
or compression of the rock formation due to the
removal of fluids. This compaction can cause
sand to be released from the formation and
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produced along with the hydrocarbons. During the
fracking process, issues such as screenouts
(blockages in fractures) or formation damage can
occur. These issues may result in the migration of
fines and sand particles, leading to increased sand
production during the well's operational life. The
impact of hydraulic fracturing on sand production
can vary based on reservoir-specific factors, such
as the mineralogy of the formation, the
geomechanical properties, and the presence of
natural fractures. The average sand production
before hydraulic fracturing is higher than the
average sand production after hydraulic
fracturing. This suggests that hydraulic fracturing
can be an effective means of reducing sand
production. It is important to note that the
effectiveness of hydraulic fracturing in reducing
sand production can vary depending on the
specific formation and fracturing treatment used.
In some cases, hydraulic fracturing can actually
increase sand production. For example, if the
fracturing fluid is not compatible with the
formation, it can weaken the rock and make it
more likely that sand will be produced. In
summary, hydraulic fracturing can influence sand
production through various mechanisms, and
managing this aspect is crucial for the overall
success and sustainability of unconventional oil
extraction.
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