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Abstract: In this paper, influential parameters on the hydraulic fracturing processes in porous media
were investigated. Besides, the simultaneous stimulation of solids, fluids and fractures geomechanical
equations were numerically analyzed as a developed 3D model. To do this, the Abacus software
was used as a multi-objective program to solve the physical-mechanical symmetry law governing
equations, according to the finite element method. Two different layers, A (3104–2984 m) and B
(4216–4326 m), are considered in the model. According to the result of this study, the maximum
fracture opening length in the connection of the wall surface is 10 and 9 mm for layer B and layer A,
respectively. Moreover, the internal fracture fluid pressure for layer B and layer A is 65 and 53 Mpa.
It is indicated that fracture fluid pressure reduced with the increase in fracture propagation length.
Consequently, the results of this study would be of benefit for petroleum industries to consider several
crucial geomechanical characteristics in hydraulic fractures simultaneously as a developed numerical
model for different formation layers to compare a comprehensive analysis between each layer.

Keywords: hydraulic fracturing; symmetry law; finite element method; Abacus software; internal
fracture fluid pressure

1. Introduction

Nowadays, due to the high production rate of hydrocarbons, most reservoirs are facing pressure
reduction and consequently, low recovery rate [1–7]. Due to the high cost requirement for crude oil
treatment as well as environmental considerations, it is vital to assess and anticipate some matters
before the primary treatment. It is particularly related to the geometry of the induced fractures
and the pressures that are required for initiation and propagation of the fractures alike [8–13].
Hydrofracturing is considered as one of the crucial processes in geological concepts, especially for
the upper crust deformation. The reason of hydrofracturing administration is to produce permeable
pore spaces and throats, which has caused the mobilization of more hydrocarbon volume toward
the production wells [12,14–16]. Flekkøy et al. [17] developed a numerical model to evaluate
the hydraulic fracturing performances by the utilization of fluid pressure diffusion and discrete spring
network. Regarding the lack of redundant components in fluid dynamics description, their developed
model was efficient and versatile to consider generic impacts of simple geological scenarios. They found
that fracture deformation is utterly dependent on the rock pressure diffusion and elastic continuum
limit to determine appropriate macroscopic factors [17]. The problem of hydraulic rupture is a
three-dimensional problem, which is used to determine the opening (width), length and height of
the fracture [16,18–20]. Rupture is known as one of the immediate failure processes along a fault that
can eliminate seismic waves which should be taken into consideration in recent decades in geological
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structures. Furthermore, faults’ stick-slip behavior is considered as a substantial parameter in rupture
recognition [21].

Al-Busaidi et al. [22] investigated the fracture propagation and development mechanisms
in hydraulic fracturing processes by the administration of a discrete particle discontinuum method.
The proposed model is based on the individual structures’ breakage and separate particles contact
points. They concluded that the dominant mechanisms of induced hydrofracture are shear cracks
and tensile failure [22]. Ghani et al. [23] proposed a numerical model to analytically model the natural
hydrofracture dynamic development by the utilization of the discrete element method. It is based on
Darcy pore pressure diffusion. This model could provide a porosity-controlled model that is associated
between the hydraulic field and fractured network. They concluded that seepage forces that are made
by discrete fracturing poroelastic forces associated with pressure gradients in the hydraulic situation
would play a substantial role in rock deformation of underground formations. The reason for this issue
is that tectonic stresses, hydrofracture geometry, and porous rocks’ mechanical characteristics are being
changed by these forces [23]. Field information on hydraulic fracturing operations is mainly available
as pressure-time curves. It is not possible to determine the actual geometry of a hydraulic fracture
using this information alone [7,24–26]. Therefore, design and control of hydraulic fracturing operations
are possible only by relying on mathematical models and sophisticated numerical methods [27–29].

There are two general methods—boundary methods and areal methods—to model rock behavior
in porous media. Boundary methods are considered as those methods in which only the drilling
boundary is divided into small components, and rock bulk volume is just an infinite continuous region.
Areal methods are those methods that bulk phases of rock are divided into small geometric sections.
It is assumed that each section has similar properties. Different types of numerical methods in rock
engineering are schematically depicted in Figure 1.
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Figure 1. Numerical methods in rock engineering.

Liu et al. [30] proposed a numerical model based on the extended finite element method and hybrid
finite volume to simulate the propagation of hydraulic fracturing. It is coupled with the fluid flow
and rock deformation behavior as the one-dimensional flow for the laminar condition. To analyze
the nonlinear fractures, the cohesive crack model was used as it is more adapted with the reservoir
characteristics in the real condition [30]. Zhang et al. [31] proposed a developed discrete element
method coupled with a synthetic rock mass method to model the fluid-driven fracture propagation.
To do this, five different samples for different conditions of induced seismicity, in-fill well fracturing,
multi-stage hydraulic fracturing, near-wellbore tortuosity and fracture initiation, and hydraulic fracture
interaction were investigated. They concluded that the developed model would be a qualitative model
to simulate hydraulic fracturing processes under several uncertainties [31].
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Zheng et al. [32] investigated the bedding plane effect on the fracture propagation by
the finite-discrete element method. In this model, by developing a complex fracture network, fracturing
fluid leakage and low net pressure in bedding planes were numerically analyzed. They found
that developing the mixed fracturing method to enhance the volume of the stimulated reservoir is
the privilege of this model than the fracture network generation alone [32]. He et al. [33] proposed a
numerical model to consider the microscopic heterogeneity impact on the fracture behavior in hydraulic
fracturing processes in porous media. In this model, the phase-field fracture modeling method
was used. It was combined with the homogenization technique to investigate the heterogeneity impact.
Homogenized elasticity tensor was computed in the model regarding the boundary value problems
solution and the macroscopic fractures’ subsequent propagation. Besides, strain energy was calculated
accordingly in the proposed model. They concluded that the propagation path and fracture strength
would be impacted by microscopic heterogeneity in underlying pore structure during hydraulic
fracturing processes [33]. Alotaibi et al. [34] developed a numerical model to couple the fracture
mechanics through the cracks and porous media by the simulation of Darcy type flow as the strokes
type flow in open cracks. Furthermore, they used the phase-field fracture modeling method to consider
the interactions between material interfaces when there is fluid driven force on the cracks. According
to their results, layer elasticity modulus versus matrix will not be a crucial parameter to create barriers
in the fracture toughness. Moreover, there is a lower fracture deflect tendency during the steep
orientation in the crack direction. Furthermore, the distance of layer and injection point did not play
the primary role in fracture deflecting [34].

Lack of a precise model due to the different reservoir heterogeneity and geomechanical properties
of the reservoir in each specific condition had posed severe challenges for petroleum industries
in operational performances. Therefore, the creation of a three-dimensional numerical model that
simultaneously considers the mechanical equations of solids, fluids and fractures are one of the primary
objectives of this research. This study aimed to simulate these influential parameters as a developed 3D
numerical model in hydraulic fracturing procedure. To do this, modeling was performed by assuming
limitations and solving the governing equations by the Abacus software as a multi-objective program
for modeling physical and mechanical reservoir properties in porous media according to the finite
element method. This simulation includes geostatic steps and fluid injection into the well, which will
lead to the onset of hydraulic fractures. Finally, this model would be used to simulate reservoirs with
different geomechanical characteristics by determining the onset and propagation of fracture versus
pressure and time for different layers.

2. Materials and Methods

2.1. Governing Equations

To model hydraulic fracturing process, five dependent phenomena of porous medium deformation,
pore fluid flow, fracturing fluid flow, fracture initiation and propagation should be coupled
and numerically analyzed. The porous medium can be modeled as a homogeneous poroelastic
material that has undergone a pseudo-static deformation. The governing equations are based on
the symmetry law, as considering tortuous fractures in the modeling processes would be more
complicated. The equilibrium equation when volumetric forces are ignored:

σi j, j = 0 (1)

While the structural relationship of poroelastic, assuming small strains, is equal to:

σi j − σ
0
i j = 2Gεi j + (K −

2
3

G)εkk − α(p− p0)δi j (2)

2G =
E

1 + v
(3)
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3K =
E

(1− 2v)
(4)

In which σ is the Biot coefficient, G and K are the shear elasticity and shear bulk modulus,
E is the Yang modulus, and v is the Poisson ratio for the dry state, respectively. Using the Terzaghi
effective stresses law, the above equations can be written in terms of stress and effective
strain as follows [35]:

σ′i j = σi j + pδi j (5)

σ′i j − σ
′0
i j = 2Gε′i j + (K −

2
3

G)ε′kkδi j (6)

ε′i j = ε−
α− 1
3K

(p− p0)δi j (7)

Continuity equation for pore fluid flow assuming small volumetric strains, it is equal to:

1
M
ρk,k + σεk,k + Vk,k = 0 (8)

where Vk is the velocity of pore fluid flow, M and σ are the Biot modulus and Biot’s coefficient,
respectively. Two fixed poroelastic constants are defined as follows:

1
M

=
φ0

K f
+
α−φ0

Ks
(9)

1
Ks

=
1− α

K
(10)

where K f is the perforated bulk modulus, Ks is the solid grains modulus in a porous medium, and φ
is the initial porosity. It is assumed that the permeable fluid will flow through an interconnected
permeable network according to Darcy’s law:

Vi = −
k
µ

p,i = −
k
γ

p,i (11)

where k is permeability, µ is pore fluid viscosity, k is hydraulic conductivity and γ is the specific gravity
of pore fluid. By combining Equation (11) with the continuity equation (Equation (8)), the equation for
propagating the pore fluid is obtained from the following equation:

1
M
ρ+ αεk,k =

k
γ

pk,k (12)

The hydraulic fracturing fluid flow is defined according to Reynolds’ theory, which dominates
the flow of longitudinal fluid within the fracture as follows:

g +
∂q f

∂s
+ VT + VB = 0 (13)

The flow equation for incompressible and Newtonian fluids through parallel thin plates
(e.g., Poiseuille flow) as follows:

q f = −
g3

12µ f

∂p f

∂s
(14)

where g is the fracture distance (Figure 1), g f = V f g hydraulic fracturing fluid flow (per width) across
the fracture, VT and VB are the normal (vertical) velocity of the hydraulic fracturing fluid that penetrates
the porous medium through the upper and lower fracture surfaces. µ f is the hydraulic fracturing fluid



Symmetry 2020, 12, 1122 5 of 15

velocity and p f fluid pressure along the fracture surface, which is marked with the characteristics of
the linear curve, s. It is schematically depicted in Figure 2.
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porous medium.

Assuming that hydraulic fracturing fluid prevents the fluid from leaking into the formation by
creating a filter cake, this means VT = VB = 0. Therefore, the continuity equation can be written
as follows:

g =
∂
∂s

(
g3

12µ f

∂p f

∂s
) (15)

Nevertheless, if the hydraulic fracturing fluid can penetrate the porous media, it is assumed that:

VT = cT(p f − pT)

VB = cB(p f − pB)
(16)

where pT and pB are the pore pressure of the perforated fluid at the top and bottom of the fracture,
and cT and cB are the leakage coefficients. This model simulates the leakage of a filter layer that may
accumulate and reduce the effective normal permeability of failure surfaces. Thus, the equation for
hydraulic fracturing fluid flow is as follows:

g + cT(p f − pT) + cB(p f − pB) =
∂
∂s

(
g3

12µ f

∂p f

∂s
) (17)

Each of the numerical methods have some advantages and disadvantages, which should be taken
into consideration for each specific case. It can be said that in many numerical models, recognition
of continuous and discontinuous environments will have a profound impact on the modeling
processes. Therefore, it is necessary to use influential factors to identify different types of environments.
In this study, hydraulic fracturing operations were modeled using the finite element method to compare
with the real fracturing processes. In other words, a three-dimensional numerical model was used
to simultaneously consider the solid mechanical equations, fluids, and fracture geometry, as well
as pressures during operation.

2.2. Numerical Procedure

One of the advantages of the numerical method is that after making the model, it is possible to
check all the parameters affecting each process. Therefore, in this section, first, the initial results of
the base model such as fracture opening profile, fluid leakage rate and intra-fracture fluid pressure
changes were presented. A complete analysis of Abacus software is usually made up of three stages:
the preprocessing stage, the processing stage, and the post-processing stage. In the preprocessing
step of the problem of geometric modeling, the dissection of the model is done using the appropriate
element and the application of loading and boundary conditions according to the methods used
by the finite elements. After completing the preprocessing steps, the created model can be sent to
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Abacus program processors. At the end of the preprocessing step, the model is sent to the processing
unit for analysis of the finite element component. Post-processing software can be used to visualize
the results. The modeling results can be displayed in the form of meters, moving images, or diagrams
of changes to the desired parameter during analysis. In this paper, a three-dimensional model of
an oil reservoir was constructed using the finite element method. This model represents a porous
medium, so reservoir characteristics such as porosity, permeability, porous pressure, saturation
percentage, and the specific gravity of individual fluid are included. The first stage of problem-solving
is the geostatic stage. Since then, initial boundary conditions were assumed to balance the proposed
model. Then, high-pressurized fracturing fluid was injected in the formation rock with a flow rate of
12 barrels per minute and the injection time of 30 min. A hydraulic fracture was created and eventually
expanded. It is shown schematically in Figure 3.
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Figure 3. A three-dimensional model of an oil reservoir with finite elements.

The first step in building a model is to create the desired geometry for the problem. The dimensions
of the model are in the form of a circular reservoir. Due to the lack of influence of artificial borders
in the calculation process, the radius of the tank is 1000 m and its thickness is about 120 m. The diameter
of the well is 0.125 m, which is modeled in order to reduce the dissolution time and to use the symmetry
law. Hydraulic fracturing operations were performed at two different depths between 3104 to 2984
(Layer A) meters and 4216 to 4326 (Layer B) meters. It should be noted that the hydraulic fracturing
procedure was simulated in the middle section and all the results presented in this research are specific
to the central section. One of the oil reservoirs in the Bangestan oilfield in the south of Iran is used
in this modeling, and its input parameters are statistically explained in Table 1. According to the field
data, effective fluid flow is in the porosity of 20–25% and permeability of 20–30 mD.

Table 1. Input parameters from the Bangestan oilfield.

Parameter Value Unit

Young Modulus (E) GPa 40.12
Poisson’s ratio (γ) Dimensionless 0.3

Porosity (∅) % 15
Permeability (k) mD 12

Rock Density (ρb) kg/m3 2500
Fluid Density (ρo) kg/m3 1120

Tension Strength (To) MPa 7.5
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3. Results

3.1. Volumetric Flux Rate

The injectable fluid leakage rate is one of the most important things during the designation
of a hydraulic operation. Calculating the exact amount of fluid leakage rate requires solving of
the equilibrium mass balance equations and making accurate information about the rock and fluid.
However, considering that the fluid can enter the formation from the inside of the fracture, volumetric
flux rate changes over the injection time. It is plotted for two different layers in Figure 4. As can be
seen in Figure 4, the amount of volumetric flux rate can be divided into three time stages. In the first
stage, the volumetric flux rate is accompanied by a sudden increase, and then, in the second stage,
the volumetric flux rate decreases. In the last stage, it reaches a plateau. The first two stages are caused
by the creation of the first level of fracture. Fluid would be lost in the formation. In the third stage,
the fluid has a constant volumetric flux rate into the formation.
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Figure 4. Volumetric flux rate versus time for two different layers.

According to Figure 4, the pore volume injection was increased dramatically as it needs to open
the fractures or create new fractures [36].

3.2. Pressure–Time Curve

As can be seen in Figure 5, the pressure was plotted versus time to consider the effect of pressure
versus time through fracture propagation. It is observed that the maximum amount of break pressure
for layers A and B is 75 and 80 MPa, respectively. The minimum pressure at the end of fracture
expansion is measured 55 and 64 MPa for layers A and B, respectively. In the first steps of fracturing,
there is a dramatic increase in the pressure as it is necessary to perforate the cohesive cracks. Since then,
it is decreased gradually until the formation is completely ruptured. To validate the model, a set of field
data for the studied field is provided and as can be seen from the pressure drop figure, the developed
model is in good agreement with the field data.

3.3. Fracture Opening Profile

Fracture opening is one of the essential outputs in which fracture width changes can be obtained
before and after fluid injection. The success rate of the hydraulic fracturing process can be justified
in this step. Fracture width is directly related to the permeability and flow rate of the hydrocarbon
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fluid flow inside the formation. It is clear that increasing the width of the fracture and keeping it stable
after the injection by propane can play an instrumental role in increasing the permeability and fluid
flow. Hence, the oil well production rate is affected accordingly. Figure 5 indicates the opening of
the fracture at the injection point at different times and along the length of the fracture at a depth
of 1. The maximum fracture opening at the junction of the well at about 10 mm is the maximum
change in the dimensions of the fracture at the end of the fracture and the middle points have a slight
slope and the fracture tip at the end of the injection time. It is located 20 m from the injection point.
To validate the model, a set of field data for the studied field is provided and as can be seen from
the pressure drop figure, the developed model is in a good agreement with the field data. It is indicated
in Figure 6.
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The fracture opening profile before and after the fluid injection are shown in Figures 7–10 for
layers A and B. In fact, they represent a longitudinal profile (along the x–z plane) of the fracture
opening before and after the injection. They reflect the opening position of the central part of the oil
layer due to fluid injection. The value starts from 10 and 9 mm for layer B and layer A near the injection
well, and it gradually decreases with distance from the well axis.
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3.4. Pressure Drop through Fractures

Figure 11 shows a diagram of the fluid pressure changes within the fracture along the length of
the fracture to complete the injection operation. For Layer A, the amount of pressure inside the fracture
is 53 MPa, while the fluid pressure inside the fracture for Layer B is 64 MPa. To validate the model,
a set of field data for the studied field is provided and as can be seen from the pressure drop figure,
the developed model is in a good agreement with the field data.
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4. Discussion

Due to the complexity of analytical methods and their time-consuming property to address
engineering issues, numerical methods have always been taken into consideration. The finite element
method (henceforth; FEM) is one of the efficient and optimum solutions in engineering aspects.
Generally speaking, regarding the fractures’ behavior that significantly influenced the hydraulic
fracturing performances, fracturing models such as cohesive crack zone and linear elastic fracturing
models are investigated in this paper. The geomechanical limitations of this model that are considered
in the developed model are as follows:

4 It is assumed that the distribution of different properties, such as porosity, permeability,
and saturation, is uniform in the reservoir.

4 The rock mechanical behavior is assumed elastoplastic, and it is assumed that the layers are
continuous without any cracks and natural fractures, in which finite element method can be used.

4 Moreover, due to the importance of the top and bottom reservoir layers and the expansion or
non-expansion of hydraulic fractures in them, sufficient information about the involved layers is
also required.

Abacus can solve a wide range of problems from a relatively simple linear analysis to very complex
nonlinear analyzes. This software includes an extensive library of elements that can model any type
of geometries vertically. The software also includes an extensive list of material behavior models
that can simulate the behavior of most engineering materials. Furthermore, issues that have multiple
components and different materials can be defined by defining the geometry of each component
and assigning its constituent materials, and then, defining the interaction between them.

The presence of porous rock spaces and fluid through them can significantly simplify the simulation
processes, and would be more reliable for field data measurements. Moreover, alteration of
geomechanical characteristics during the injection and production performances could be taken
into consideration. Wang et al. [37] proposed a numerical method coupled with the solid–fluid to
model the hydraulic fracture propagation in the orthotropic formations by the extended finite element
method. They investigated the fluid flow and rock deformation interaction through the fractures,
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hydraulic fracture propagation and maximum circumferential tensile stress criterion that is modified
accordingly in their model. They concluded that if an angle had existed between the orthotropic
material axes and initial fracture direction, the hydraulic fracture would have deviated from the straight
path. This angle would be changed by the material angle variations, which had caused an increase
in Young’s Modulus ratio [37]. In this model, the poroelastic theory is used to consider geomechanical
characteristics of the hydrocarbon formation, such as fluid flow in the pore spaces, was developed.
It is concluded that during the production operation from the hydrocarbon reservoir, internal fluid
pressure decreases. It has caused an increase in effective stresses that are applied to the formation.
This phenomenon was discussed by Wang et al. [37] as Young’s modulus ratio increases. This is
indicated in Figure 6 that the fracture deviation through the length of the porous media is related to
the oriented angle, which has caused an increase in Young’s Modulus ratio. Moreover, Liu et al. [36]
developed an extended finite element framework to consider the propagation of hydraulic fractures
containing the poroelastic behavior between fluid flow and the bulk formation, and how to model their
interaction [36]. According to the results of this paper, the interaction between fluid and bulk formation,
rock pore spaces would be reduced or might be occupied by the solid particles during the propagation
of the fracture that is discussed by Liu et al. [36]. By mobilizing the fracture fluid through fractures, its
volume has decreased slightly, and in the last steps, it reached a plateau. This concept is considered
by Liu et al. [36] by developing an extended finite element framework to investigate the interaction
between bulk formation and fluid flow.

One of the essential things in fractures modeling is to study the different fracture creation methods
that were investigated by Ji [38] and Guo [39]. It is possible to use fracture volume and consider such
assumptions of fracture shape, length and width of the fracture, and pressure distribution by having
assumptions such as the shape of the fracture, the distribution of pressure, and the width and length of
the fracture [38,39]. In the proposed models, fracture expansion is only one direction perpendicular
to the minimum principal stress, while in this paper, a longitudinal profile (along the x–z plane) of
the fracture opening profile was represented. Feng et al. [40] investigated a multi-stage fractured
horizontal well as a numerical model to calculate fracture pressure drop by the consideration of
dynamic fracture closure, matrix permeability change, and threshold pressure gradient for one well
that is in accordance of the result in this section [40]. However, in this paper, it was modeled for two
different layers that would be expandable for more layers. Moreover, physical-mechanical reservoir
characteristics could be considered simultaneously.

Gao et al. [41] proposed a developed numerical model based on the cohesive zone method
and extended finite element method to consider the impact of hydraulic fracturing propagation
during operation performances. In this model, leak-off, propagation, hydraulic fracturing initiation,
rock deformation, and fracturing fluid flow was modeled simultaneously. According to their results,
fracture propagation is utterly dependent on the existence of injection wells during operational
performances, and production wells did not play a substantial role in the length of the fractures.
Furthermore, higher pore pressures will be needed for injecting processes than production processes
during the hydraulic fracturing operations [41]. According to the results of this paper, during
the injection of high-pressure fluid into the rock pore spaces, the effective stresses will reduce,
and this event will cause tensile failure in the rock, which is discussed in Gao et al. [41].

Thereby, in this paper, a three-dimensional numerical model was developed to simultaneously
consider the mechanical equations of solids, fluids and fractures as a longitudinal profile along the (x–z)
plane. To do this, Abacus software was used as a multi-objective program to model the hydraulic
fracturing processes by assuming limitations and solving the governing equations. Moreover, physical
and mechanical reservoir properties in porous media according to the finite element method were
considered in the model. Finally, this model is numerically efficient as it can be administered for
computational cost-effective and different scales to provide sophisticated numerical computing of
hydrodynamic fluid flow through porous media and propagation of fracture versus pressure and time
for different layers.
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5. Conclusions

Abacus software was based on the finite element method was used to investigate the hydraulic
fracturing operations in an oil reservoir field in the Bangestan field in the south of Iran. In this model,
the theory of adhesive crack model with tensile law separation of finite elements and symmetry
law have been used to create and expand fractures within the three-dimensional pore-elastic model.
The main conclusions of this paper are as follows:

The maximum fracture opening at the well connection for Layer A is about 9 mm, and for Layer B
is about 10 mm.

The most considerable change in fracture dimensions is achieved at the end of the fracture,
and the midpoints have a slight slope.

The fracture tip is located at the end of the injection time at a distance of 20 m from the injection site.
It is concluded that the amount of pressure decreases with distance from the injection site

and eventually reaches the initial permeable pressure of the environment. For Layer A, the amount of
pressure inside the fracture is 53 MPa, while the fluid pressure inside the fracture for depth 2 is 65 MPa.

For future studies, it is suggested that sensitivity analysis will be performed on how different
geomechanical parameters affect fracture geometry and operating pressures. Moreover, it is
recommended that the results of numerical simulation be compared with more actual field data
obtained from the operational performances if the operational and actual data from the oil reservoir
are available to expand the model to more different wells. Finally, if the perforation data are accessible,
this model would be adopted to this issue and would provide exciting results for petroleum industries.
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