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During the development of shale oil resources, fluid injection is usually involved in the process of hydraulic fracturing. Fluid
injection through perforations causes near-well damage, which is closely related to the subsequent initiation and propagation
of hydraulic fractures. This study is focused on the characterization of the temporal and spatial evolving patterns for near-well
damage induced by fluid injection through perforations in the early stage of hydraulic fracturing. A coupled hydromechanical
model is introduced in a case study in a shale oil reservoir in northwestern China. The model considers porous media flow
during fluid injection. It also considers elasticity in the rock skeleton before the damage. Once the damage is initiated, a
damage factor is employed to quantify the magnitude of injection-induced damage. Results show that damage evolution is
highly sensitive to perforation number and injection rate in each individual perforation. Damage propagation is more favorable
in the direction of the initial maximum horizontal principal stress. The propagation of damage is drastic at the beginning of
fluid injection, while the damage front travels relatively slow afterward. This study provides insights into the near-well damage
evolution before main fractures are initiated and can be used as a reference for the optimization of perforation parameters in
the hydraulic fracturing design in this shale oil field.

1. Introduction

During the exploitation of hydrocarbons in low-permeability
reservoirs, hydraulic fractures are usually considered as they
can significantly improve the mobility of fluid flows [1]. To
establish hydraulic fracture networks in low-permeability
reservoirs such as shale oil reservoirs, fluids need to be
injected into the reservoir to cause formation damage and
eventually create artificial fractures [2–6]. Hydraulic fractur-
ing operations are usually carried out after wellbores are
drilled and completed in the reservoir, where a large volume

of fluid is injected through the wellbore and through perfo-
rations to initiate damage in the formation rocks [7–11].
Since fluid injection through perforations is closely related
to the near-well evolution patterns of damage, it is mean-
ingful to quantitatively study the mechanism of how near-
well damage evolves spatially and temporally under the
influence of fluid injection during the exploitation of hydro-
carbon resources in low-permeability reservoirs.

Reports from many sites have proved that fluid injection
into deep formations associated with drilling and well com-
pletion operations can cause changes in stress and strain,
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and sometimes, induced earthquakes can be observed.
Hydraulic fracturing is one of these well completion tech-
niques [12]. During the establishment of hydraulic fractures,
increases in pore pressure caused by fluid injection can lead
to tensile failures and shear failures in formation rocks, and
these types of damage directly affect the subsequent initia-
tion of hydraulic fractures [13–15]. Zhu et al. [16] proposed
a model based on the Mohr-Coulomb criterion to quantify
the coupled flow and damage behaviors during the injection
process for hydraulic fracturing. Based on the flow, stress,
and damage (FSD) model, they proposed that the intrinsic
permeability can be increased from nano-Darcy to milli-
Darcy due to the damage behaviors. Patel et al. [17] pre-
sented an experimental study of the near-well damage
caused by a cyclic injection of fluids. Acoustic emission, per-
meability, and scanning electron microscope were used to
identify the near-well damage. They indicated that the cyclic
fluid injection can effectively reduce the breakdown pressure
and make it easier to obtain main fractures beyond damage.
Their observation proves that the prebreakdown damage
evolution does have an impact on the initiation of hydraulic
fracture networks. Damage theories are often combined with
rock cohesions for the modeling of damage and fracture
propagation during hydraulic fracturing. The injection of
fluid induces normal and shear stress changes, which are
used to calculate the damage factor. As the damage inten-
sifies, damage propagation is used to represent the growth
of hydraulic fractures in cohesion elements [18–20]. During
the injection of fluid, stress shadows can be induced between
wellbores and fractures, which makes it more difficult to
achieve extensive damage propagation due to elevated com-
pression [21, 22]. Similarly, it is also harder to obtain evenly
distributed hydraulic fractures due to the stress shadows
effects [23–26]. In a computational framework, Hardcastle
et al. [27] computed the diffusive damage evolution in con-
tinuum space and compared the permeability changes in
intact and damaged porous zones using a double permeabil-
ity method. Enhanced permeability is observed in zones with
induced damage. Lei et al. [28] proposed a coupled hydro-
mechanical model to characterize the activation of fractures,
the growth of damage, and the changes in connectivity
caused by fluid injection in naturally fractured rocks. In their
study, shearing is identified as a major consequence of fluid
injection, which can be substantiated by the findings from
Evans [29]. Based on the literature review, a parametric
study of the effects of perforation parameters on the evolu-
tion of near-well damage is required to improve the under-
standing of rock damage during the pressure buildup
stages in hydraulic fracturing.

In this study, a coupled hydromechanical model is pre-
sented to quantitatively analyze the injection-induced near-
well damage in the initial stages of hydraulic fracturing. A
numerical study is carried out to examine the effects of
perforation-related parameters on the temporal and spatial
evolution of damage around perforations in a shale oil case
study in northwestern China. This study is focused on the
damage in the pressure buildup stages and does not consider
the propagation of fractures with discontinuities. This study
improves the understanding of the mechanism for injection-

induced damage around perforations and provides a refer-
ence for the optimization of perforation parameters for well
completion in this shale oil development site.

2. Methodology

In this study, a coupled hydromechanical model is employed
to characterize the injection-induced pore pressure and
stress changes in a low-permeability reservoir. The coupled
system solves two problems: the porous media flow problem
and the geomechanical problem. It is assumed that there is
single-phase flow in the porous media, and the rock skeleton
exhibits elastic behaviors before damage occurs. It is also
assumed that the model follows the plane strain state. For
the subsurface environment, compression is treated as
positive.

The fluid flow problem is described by the mass balance
equation:

∂
∂t

ϕρð Þ+∇ ⋅ ρvð Þ = s, ð1Þ

where ρ is the fluid density; ϕ is the porosity; v is the fluid
flow velocity; and s is the sink/source term.

Since the fluid flow velocity is relatively low in the
porous media, Darcy’s law is used to extend the fluid flow
velocity term:

v = −
k
μ
⋅ ∇p, ð2Þ

where k is the permeability; μ is the viscosity; and p is the
pore pressure. Since this study mainly considers the near-
well coupled flow and geomechanics behaviors during fluid
injection, strong pressure gradients are established. There-
fore, it is assumed that Darcy’s law can be applied in this sce-
nario. Also, capillarity is neglected.

Since the fluid flow is slightly compressible, the com-
pressibility of fluid is described as:

χ = 1
ρ

∂ρ
∂p

, ð3Þ

where χ is the compressibility term.
In the coupled hydromechanical model, the governing

equation for the geomechanical problem is based on the
momentum balance between stress components in the rock
skeleton:

∇ ⋅ σ = t, ð4Þ

where σ is the stress tensor and t is the traction. Before dam-
age occurs, the stress-strain constitutive relationship follows
elasticity in this model. The damage near perforations is cal-
culated based on the Mohr-Coulomb criterion for failure
under compression and tension:

τ = c + σ tan φ, ð5Þ
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where τ is the shear stress; σ is the compression; φ is the
friction angle; and c is the cohesion of the rock skeleton.
The criteria for tensile failure and shear failure are repre-
sented by:

σ3 = −St , ð6Þ

σ1 = σ3
1 + sin φ

1 − sin φ
+ 2 c cos φ
1 − sin φ

, ð7Þ

where St is the tensile strength. Equation (6) is for the ten-
sile failure criterion, and Equation (7) is for the shear fail-
ure. In Equation (6), when the injection elevates the pore
pressure, compressive states in the formation can be
altered to tensile states, and tensile failure may occur.

A damage parameter d is expressed as:

σd = 1 − dð Þσ: ð8Þ

A loading function is used to model the damage:

f = εeq − κ, ð9Þ

where εeq can be expressed as εeq =
ffiffiffiffiffiffiffiffiffiffiffiffiffi

εel : εel
p

. εel stands for
elastic strain. κ is a state variable to determine the criterion
for damage. The damage evolves as:

d = 1 − ε0
κ

exp −
κ − ε0
εf − ε0

 !

, κ ≥ ε0, ð10Þ

d = 0, κ < ε0: ð11Þ
In Equation (10) and Equation (11), ε0 = σt/E, where σt is

the tensile strength and E is the Young’s modulus; εf = ð2Gf /
σthcbÞ + ðε0/2Þ, where Gf is the fracture energy per unit area
and hcb is the element size.

3. Results and Discussion

3.1. Field Background. In this study, a model is established
for the simulation of near-well damage in a shale oil-bearing
formation in Jimsar Sag, Junggar Basin, in northwestern
China. Target layers in the study area have low permeability,
and horizontal well drilling and hydraulic fracturing tech-
niques are widely used. The depths of payzones range from
2300m to 4800m. The average yearly oil production in this
region is 8600 metric tons per well. Labs indicate strong brit-
tleness for reservoir rock samples [30–32]. Since natural frac-
tures are not prevailing in this area, they are not considered in
this analysis. The stress regime is normal faulting in this
region, and the range of Sh min is from 50MPa to 75MPa;
the horizontal stress difference is between 4MPa and 20MPa.

3.2. Single-Perforation Base Case. A 2D model in the base
case is built for the analysis of the evolution of damage near
perforations. A horizontal slice crossing a perforation is the
domain for the analysis. Since a plane strain state is used, a
vertical stress of 75MPa is prescribed over the domain. An

initial SH max of 65MPa and an initial Sh min of 60MPa are
prescribed in the 2D domain.

Table 1 records the parameters used in the model. Note
that since this study is focused on the evolution of near-well
damage, only the early stage of fluid injection in hydraulic
fracturing is studied. Figure 1 shows the setup of the numer-
ical model with perforations around a horizontal wellbore
and the 2D slice used for simulation. Since a relatively short
period of time before the breakdown and propagation of
hydraulic fractures is studied here, it is relatively hard to
incorporate field data for validation. This is a limitation of
the numerical modeling workflow.

The simulation results of the base case are then pre-
sented. Figure 2 shows the pore pressure distribution around
the perforation after 1, 20, 40, and 60 seconds of constant
rate injection. The constant injection rate of 0.05 kg/s can
effectively elevate the near-well pore pressure. The area with
elevated pore pressure increases with time. After 20 seconds,
pressure is increased to more than 60MPa near the perfora-
tion, which means that the local pore pressure is greater than
the minimum principal stress and damage has occurred
locally. Due to the relatively low permeability, after 60 sec-
onds of injection, the boundary area in the domain still has
relatively low pore pressure compared to near-perforation
areas.

Figure 3 presents the distribution of the maximum
horizontal principal stress around the perforation during
fluid injection. After 1 second, SH max changes are mainly
observed in the horizontal direction near the perforation.
The increase in SH max is generally below 1MPa, indicating
that the magnitude of injection-induced stress change is lim-
ited after 1 second. However, the injection-induced stress
change becomes more progressive afterward. The magnitude
of SH max largely increases in the investigated domain after

Table 1: Input parameters for the model in the base case.

Parameters Values

Dimension 5m by 5m

Perforation diameter 10mm

Perforation number 1

Perforation location
Center of
the domain

Initial pore pressure 40MPa

Porosity 0.1

Permeability 0.1mD

Compressibility 1 × 10−9 1/Pa
Maximum horizontal principal stress (SH max) 65MPa

Minimum horizontal principal stress (Sh min) 60MPa

Vertical stress 75MPa

Elastic modulus 60GPa

Poisson’s ratio 0.25

Biot coefficient 1.0

Tensile strength 10MPa

Fluid injection rate 0.05 kg/s

Injection time 60 s
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20, 40, and 60 seconds of constant rate injection. Another
observation is that the SH max changes in the direction of ini-
tial SH max are greater than those in the direction of initial
Sh min. As the injected mass increases, the SH max in the entire
domain is largely elevated. Compared to the initial SH max of

65MPa, the increases in SH max caused by the fluid injection
range can reach 28MPa around the perforation. Then,
Figure 4 shows the spatial and temporal changes in the min-
imum horizontal principal stress. Compared to the change
in SH max in Figure 3, the change in Sh min in the vertical

Perforations with a phasing of 60°

2D slice of numerical simulation

z
xy z

xy

z x
yz

xy

z
yx

Figure 1: Perforations around a wellbore with phasing of 60° and the 2D domain used for numerical simulation.
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Figure 2: Elevated pore pressure around the perforation after 1, 20, 40, and 60 seconds of injection.
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direction is more significant. Intuitively, Sh min also increases
with injection time, as the total stress consists of pore pres-
sure and effective stress. Based on the results in Figures 2–
4, injection intuitively elevates pore pressure, SH max, and
Sh min. However, it is noted that on time steps 20 and 40 sec-
onds, the maximum values of SH max and Sh min are lower
than the maximum pore pressure. It indicates that the
near-well areas essentially experience tension, and the origi-
nal compression states are altered to tensile states, which is
directly caused by fluid injection. Therefore, constant rate
injection can efficiently alter the compression state to a ten-
sile state for near-well areas.

The injection-induced damage d is plotted in Figure 5. A
damage factor of zero indicates no damage while a damage
factor between zero and one indicates irreversible damage
to the rock skeleton. A higher damage factor always repre-
sents greater damage to the rock skeleton. Results reveal that
one second of fluid injection leads to no damage within the
domain. At 20 seconds, near-perforation damage can be
observed, and the greatest damage is found at the perfora-
tion. Then, the magnitude and scale of the damage evolve
and increase with injection time. Greater damages are

observed in the direction of SH max, as the damage propaga-
tion usually aligns with the SH max direction.

To better present the temporal change in damage and
stress and pressure values, Figure 6 shows these evolutions
at the perforation. Fluid injection does not instantly lead to
damage at the perforation, as it needs time for pressure
buildup which eventually causes irreversible damage. From
around the fifth second, damage can be observed at the per-
foration. Afterward, the damage factor rapidly increases.
After 20 seconds, the damage factor becomes more stable,
and it increases to around 0.8 after 40 seconds. Based on
the curves of principal stresses and pore pressure, fluid injec-
tion efficiently increases the pore pressure at the perforation.
After around 10 seconds, the pore pressure becomes greater
than Sh min. It surpasses SH max a few seconds later. Then,
tensile stress becomes dominant in the rock skeleton in the
formation at the perforation. It is also observed that drastic
damage evolution is well correlated with the drastic increase
in pore pressure, as pore pressure increase is the main driv-
ing force for skeleton failure. Peak values for both the max-
imum horizontal principal stress and the minimum
horizontal principal stress are observed in the curves as well.
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Figure 3: Maximum horizontal principal stress around the perforation after 1, 20, 40, and 60 seconds of injection.
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It indicates that, although pore pressure is monotonically
increasing, the compressive effective stresses (principal
stresses) have maximum values. They can turn to tensile
states at certain points during the fluid injection. Note that
pore pressure, maximum principal horizontal stress, and
minimum principal horizontal stress all monotonically
increase during the late stages of fluid injection. This indi-
cates that when the damage factor becomes stable in the late
stages, the effective stresses in the rock skeleton also become
relatively stable, and they are insensitive to the continued
fluid injection.

The evolution of the damage factor in the x and the y
directions is plotted away from the perforation. In
Figure 7, the 1D spatial distribution of the damage factor
in the x and in the y directions away from the perforation
is plotted. The time steps presented are 1, 10, 20, 30, 40,
50, and 60 seconds. Based on the curves, sharp damage
propagation fronts can be observed. Also, the damage pro-
files in the x direction and in the y direction are generally
the same, while damage profiles in the x direction are
slightly higher than those in the y direction. This means that
the damage propagation is favorable in the direction of the

initial maximum horizontal principal stress. This observa-
tion is in accordance with the elliptical damage profiles in
Figure 5. In addition, it is observed that the damage propa-
gation in both x and y directions is rapid at the beginning
of fluid injection while it is relatively slow afterward. The
damage propagates for about 5 cm in the first 10 seconds,
while it takes another 50 seconds to propagate for another
5 cm later on. Therefore, the damage evolution becomes less
progressive as fluid injection time increases.

3.3. Effects of Perforation Number. In the base case, the fluid
injection through a single perforation and its induced near-
well damage are investigated. However, during hydraulic
fracturing operations, fracturing fluids are injected through
multiple perforations from the wellbore. Therefore, the effect
of perforation numbers is studied.

Based on the well completion data from the field, a per-
foration density of 16 shots/m is used, and the phasing is 60°.
Since this 2D model in the study can only investigate a cer-
tain slice, based on the density and phasing data, two adja-
cent perforations in the same direction have a perforation
spacing of 0.4m. In this analysis, three perforation number
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Figure 4: Minimum horizontal principal stress around the perforation after 1, 20, 40, and 60 seconds of injection.
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scenarios with one (base case), two, and three perforations
are compared. The perforation spacing is always kept at
0.4m when there is more than one perforation. Also, it is
important to prescribe that the overall fluid injection rate

is kept constant at 0.05 kg/s, and the injection rate at each
perforation decreases as the perforation number increases.

The results for the near-well damage caused by fluid
injection from a single perforation are already discussed in
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the base case. Then, the near-well damage caused by fluid
injection operations from two perforations and three perfo-
rations with the same overall injection rate is discussed.

The two-perforation scenario is discussed first. In
Figure 8, the distributions of pore pressure, the maximum
horizontal principal stress, the minimum horizontal princi-
pal stress, and the damage factor at the final time step are
presented. Note that the geometry of the domain is enlarged
in the x direction to accommodate another perforation.
Based on the 2D results, it can be noted that due to the

increase in perforation number, the changes in pressure
and stress are not as great as those in Figures 2–5. This is
mainly caused by the decreased fluid injection rate in each
perforation. A boundary effect on the distribution of the
minimum horizontal principal stress can be found as well.
Similar to the trends in Figures 3 and 4, the change in the
minimum horizontal principal stress is greater in the direc-
tion of the initial Sh min, and the change in the maximum
horizontal principal stress is greater in the direction of the
initial SH max. The magnitude and scale of damage in the

0.8

Damage in the X direction

0.7
0.6
0.5
0.4
0.3
0.2
0.1

0

D
am

ag
e f

ac
to

r

0 0.1

X (m)

0.2

1 s
10 s
20 s
30 s

40 s
50 s
60 s

0.8

Damage in the Y direction

0.7
0.6
0.5
0.4
0.3
0.2
0.1

0

D
am

ag
e f

ac
to

r

0 0.1

Y (m)

0.2

Figure 7: Damage evolutions in the x and the y directions away from the perforation at various fluid injection time steps.

0.2

(m
)

(m) (m)

(m) (m)

(m
)

(m
)

(m
)

Time = 60 s Pore pressure (MPa)

65

60

55

50

45

0.15
0.1

0.05
0

–0.05
–0.1

–0.15
–0.2

–0.4 –0.2 0 0.2 0.4

0.2

Time = 60 s Minimum horizontal principal stress (MPa)

74
72
70
68
66
64

0.15
0.1

0.05
0

–0.05
–0.1

–0.15
–0.2

–0.4 –0.2 0 0.2 0.4

78

76

74

72

68

70

0.2

Time = 60 s Maximum horizontal principal stress (MPa)

0.15
0.1

0.05
0

–0.05
–0.1

–0.15
–0.2

–0.4 –0.2 0 0.2 0.4

0.2

0.15

0.1

0.05

0

0.2

Time = 60 s Damage factor

0.15
0.1

0.05
0

–0.05
–0.1

–0.15
–0.2

–0.4 –0.2 0 0.2 0.4

Figure 8: The distribution of pore pressure, the maximum horizontal principal stress, the minimum horizontal principal stress, and the
damage factor in the two-perforation scenario at the last time step.

8 Lithosphere

Downloaded from http://pubs.geoscienceworld.org/gsa/lithosphere/article-pdf/doi/10.2113/2022/3824011/5714488/3824011.pdf
by guest
on 16 December 2022



two-perforation case are insignificant compared to the
single-perforation scenario, which is also related to the
decreased fluid injection rate in each individual perforation.

The temporal evolution of pressure, stress, and damage
at the perforation is also plotted in Figure 9. Due to symme-
try, only the perforation on the left is discussed. Based on the
curve for damage factor, fluid injection does not lead to
damage right after the beginning of injection. As pore pres-
sure is increased to a certain magnitude, the poroelastic
behavior in the reservoir rock starts to cause damage. When
the perforation number is increased to two, the pressure at
the perforation cannot exceed the two horizontal principal
stresses during the 60-second injection. This is also caused
by the decreased injection rate per perforation. The pressure
and stress curves indicate that, although the principal stress
values are not surpassed by pore pressure values, damage
can be initiated. However, due to the decreased injection
rate, the damage factor profile in this scenario is largely
lower than the damage factor profile in the base case where
the injection rate per perforation is doubled. This is also
reflected in the damage distribution result in Figure 8. Addi-
tionally, the stress curves are monotonically increasing in
this scenario, and there are no oscillations, which is
explained by the fact that a decreased injection rate per per-
foration avoids complicated effective stress evolutions from
compressive states to tensile states in the rock skeleton.

Then, a three-perforation scenario is also presented to
show and further present the effect of perforation number
on the near-well damage. Since the overall injection rate is
kept the same in the sensitivity analysis, the fluid injection
rate per perforation is the lowest in the three-perforation
scenario. In order to present the changes in variables related
to near-well damage, the temporal evolution of pressure,
stress, and damage is plotted in Figure 10. It is noticeable
that there is no damage caused by fluid injection in the first
60 seconds. This exhibits that the further decreased fluid
injection rate per perforation finally makes it impossible to
initiate damage in 60 seconds. Note that only 60 seconds

are investigated in this analysis and prolonged fluid injec-
tion further can still lead to near-well damage if the pore
pressure is elevated enough. The increases in stress and
pore pressure in 60 seconds are the lowest in the three
perforation number scenarios, as the injection rate is dis-
tributed to three perforations.

The sensitivity analysis for perforation number indicates
that more perforations during the fluid injection can
decrease the ability to create injection-induced near-well
damage, as the initiation and propagation of near-well dam-
age are highly sensitive to the injection rate in each perfora-
tion. Therefore, during the hydraulic fracturing operation, it
is important to guarantee the fluid injection rate distributed
to individual perforations to enable the operations to create
effective near-well damage, which is key to the initiation
and propagation of hydraulic fractures.
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3.4. Effects of Injection Rate. In the previous sensitivity anal-
ysis of the effect of perforation number on near-well damage,
it is already concluded that the fluid injection rate distrib-
uted to each individual perforation is critical. Therefore,
another analysis is carried out to examine the effect of injec-
tion rate on near-well damage. Note that the equivalent
decreased injection rate in perforations is discussed in the
previous section, and only magnified injection rates are
investigated compared to the base case. Except for the base
case injection rate of 0.05 kg/s, another two rates of
0.075 kg/s and 0.10 kg/s are analyzed. There is only one per-
foration in this part of the investigation.

Figure 11 shows the evolution of near-well damage
around the perforation during the first 60 seconds of injec-
tion with a constant rate of 0.075 kg/s. The injection time
steps shown are 4, 10, 40, and 60 seconds. The reason to
show the damage on the fourth second is that it is the first
time step with observed near-well damage. Compared to
the base case, a 50% increase in the injection rate effectively
magnifies the near-well damage scale. Also, the damaged
region evolves faster. After 60 seconds of injection, the

near-well damage can move to about 5 cm away from the
perforation in the base case. In contrast, the near-well dam-
age can move to 20 cm away from the perforation in the
0.075 kg/s injection scenario. Again, the damage travels fur-
ther in the direction of the initial maximum horizontal prin-
cipal stress. The damage factor can reach one in this
scenario, meaning that the skeleton is completely damaged
and hydraulic fractures can be initiated.

In Figure 12, the distribution of damage factor in the x
and in the y directions is plotted at various time steps. It
shows that an increased injection rate largely expedites the
propagation of damage from the perforation. Compared to
5 cm propagation in 60 seconds in the base case, a constant
injection rate of 0.075 kg/s can increase the damage propaga-
tion to about 20 cm away from the perforation. In the last 20
seconds, it is noted that the damage propagation does not
travel as fast as in the first 40 seconds, indicating that the
near-well damage propagation is more significant in the
early stages. The transition of the damage factor is from
totally damaged (d = 1) to undamaged (d = 0). Also, the
damage distribution curves away from the perforation are
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Figure 11: Damage distribution around the perforation after 4, 10, 40, and 60 seconds of injection with a rate of 0.075 kg/s.
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oscillatory as the induced stress and strain changes are com-
plicated and not monotonical. Meshing with unstructured
grids leads to some fluctuations in the curves.

Then, the scenario with a constant injection rate of
0.10 kg/s is studied. The 2D damage distribution is presented
in Figure 13. An increased injection rate can effectively
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Figure 13: Damage distribution around the perforation after 3, 10, 40, and 60 seconds of injection with a rate of 0.10 kg/s.
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induce damage in the investigated domain, and the damage
in this scenario is more extensive compared to the base case
and the 0.075 kg/s injection rate case. The damage factor dis-
tribution on the third second is presented as it is the first
time step with observed damage. Compared to Figure 12
where the first step with damage is the fourth second, an
injection rate of 0.10 kg/s expedites the emergence of dam-
age. It means that increasing the injection rate magnifies
the evolving process of damage in the near-well region. In
Figure 14, the distribution of damage in the x and y direc-
tions is plotted. Compared to the previous two scenarios
with lower injection rates, this scenario has higher damage
factor distribution profiles around the perforation. The
entire 1D domain experiences damage, and the damage fac-
tors decrease as it moves away from the perforation. The
magnitude of damage is the greatest among the three sensi-
tivity scenarios.

Results in this study are focused on the initial stages dur-
ing the fluid injection in a hydraulic fracturing operation.
When the overall injection rate is kept constant, increasing
perforation numbers leads to decreased efficiencies in
achieving near-well damage, which can negatively affect the
fracturing efficiency. In addition, before the initiation and
propagation of the main fracture, areas experiencing near-
well damage are limited, and continued fluid injection
becomes less effective in obtaining new damaged areas after
40 seconds in this study. Therefore, perforation number and
injection rate both affect the fracture initiation process. In
hydraulic fracturing designing, less perforations and high
injection rates help to obtain damage before the initiation
and propagation of the main fracture.

4. Conclusions

In this study, a coupled hydromechanical model for the
modeling of near-well damage evolution is presented. A case
study is then carried out based on published datasets for the

development of a shale oil reservoir in northwestern China.
The effects of fluid injection time, perforation number, and
fluid injection rate per perforation on the temporal and spa-
tial evolution of near-well damage are investigated. In
conclusion,

(1) Near-well damage evolves with time, and the move-
ment of the damage front is faster in early stages and
relatively slower in late stages. It indicates that there
are limitations on the ultimate scale of damage
propagation

(2) The damage factors in the direction of the initial
maximum horizontal principal stress are greater
than those in the direction of the initial minimum
principal horizontal stress. This is in accordance
with the fact in the hydraulic fracturing commu-
nity that damage/fracture propagates in the direc-
tion of SH max

(3) The evolution of near-well damage is highly sensitive
to the fluid injection rate. A decrease in the injection
rate per perforation can largely reduce the scale and
the magnitude of near-well damage and vice versa

(4) Based on the quantitative analysis in this numerical
study, when the injection rate is constant, increasing
the perforation number from one to two and three
leads to decreases in the magnitudes of damage; the
maximum damage factor decreases from 0.8 to 0.24
when the perforation number increases to two, while
there is no damage factor observed when the perfo-
ration number is increased to three. When the injec-
tion rate is increased from 0.05 kg/s to 0.075 kg/s,
the damaged radius increases from 0.05m to
0.20m; when the injection rate further increases to
0.10 kg/s, the damage radius can reach 0.3m
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Figure 14: Damage distribution in the x and in the y directions at different time steps with an injection rate of 0.10 kg/s.
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