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Successful hydraulic fracturing is very important in the development of
hydrocarbon-bearing formations. The loading introduced by hydraulic
fracturing causes deformation and failure, which are related to the damage
accumulation and hydraulic fracture initiation process. This study employs a
numerical model that considers the dynamic and elastoplastic behaviors in
rocks under the influence of impact loads. The acceleration and wave
propagation behaviors are quantified using the model. A time integration
algorithm is used to ensure numerical accuracy and stability. The effects of
loading rate, loading location, and heterogeneity are quantified. Results show
that the elastoplastic and dynamic can effectively capture the wavy mechanical
responses in the domain. Strain rate, acceleration, and plasticity can all exhibit
oscillatory distribution patterns. Increasing the loading rate can magnify
acceleration, strain rate, and the maximum plastic strain, while it reduces the
range experiencing these induced changes. Changing the loading types and
introducing the heterogeneity consideration both largely alter the mechanical
response in the domain, and the waveforms of the mechanical parameters are
significantly changed. Failure can occur earlier in layers with more elastic
mechanical properties. Exerting 50 MPa loading in 0.01 ms can effectively
introduce deformation and failures in the reservoir rock. Doubling the loading
rate can effectively improve the ability of creating rock failures, which facilitates
the following fracture initiation and propagation processes. This study can be a
reference for the understanding of near-well and instantaneous rock mechanical
behaviors at the beginning of fracturing.
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1 Introduction

Hydraulic fracturing is often used in the development of oil and gas reservoirs for the
improvement of oil and gas productivities. In the hydraulic fracturing operations in the field,
high pressure fracturing fluids are injected into the reservoir. During such operations, the
damage is accumulated and fractures are initiated when fracturing fluids flow into the near-
well region (Hou et al., 2019; He et al., 2021; Zhi et al., 2021). The introduction of hydraulic
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fracturing fluids is associated with external loadings on the reservoir
rocks, which can result in complex and evolving geomechanical
responses (Okere et al., 2023). The quantitative understanding of
such responses can help to improve the accuracy of hydraulic
fracturing modeling and to optimize the hydraulic fracturing
parameter designs. Therefore, it is important to consider the rock
mechanical behaviors in reservoir rocks under complex loading
conditions. Experimental and simulation techniques are key
strategies in the analysis of the rock mechanical behaviors.

Rock mechanical analyses have been widely carried out as they can
help to understand the constitutive relationships and stress-strain
correlations. Togashi et al. (2017) proposed an experimental method
for the characterization of the anisotropic mechanical responses.
Deformation magnitudes at various orientations are measured in
single tests. Aghababaei et al. (2019) compared single-stage and
multi-stage compression tests and analyzed the induced damage in
samples. Kluge et al. (2020) introduced a method that establishes shear
failures in intact rock samples where hydrostatic loads are involved.
Meanwhile, the rock mechanical properties are analyzed based on their
hydro-mechanical methodology. Chen et al. (2021a) proposed a
numerical and experimental study on the rock mechanical
properties of heterogeneous sample. A matching between
experimental data and simulation results improves the reliability of
the analysis. Their conclusion is also in accordance with Baumgarten
and Konietzky (2013) where numerical simulations and experimental
studies are combined and the post-failure rock mechanical behaviors
are better quantified. In certain cases, CT is also used along with rock
mechanical analyses for the better understanding of heterogeneous
mechanical behaviors and damage accumulations in reservoir rocks
(Guo et al., 2021a). Recently, Okere et al. (2020) proposed a
methodology to optimize the laboratory determination of CBM
reservoir damage. Permeability is used as the index for formation
damage, and the method of cuttings pulse decay is determined as
the optimum. Wang et al. (2022a) then considered the effect of pore
pressure evolutions on the changes in rock mechanical properties such
as in-situ stress and deformation.

In the analysis of rockmechanical behaviors under various types of
loadings, the effect of dynamic loadings is of importance as it is often
dynamic and the mechanical evolution can be complex. Xia et al.
(2017) proposed an analytical solution in Laplace-Fourier space and
captured the transient behaviors of the poroelastodynamic field of a
wellbore. In a series of studies, the pressure and stress propagations in
rocks under the dynamic loadings induced by pulsating hydraulic
fracturing are characterized experimentally and numerically. Results
show that the dynamic and oscillatory loadings can facilitate the
damage accumulation and fracture initiation processes; the pressure
wave propagation and distribution are tightly related to the rock
mechanical properties and the frequency of the pulses (Hou et al.,
2021; Hou et al. 2022a; Hou et al. 2022b). They provided a quantitative
method for the understanding of pressure and stress fields in rocks
under impact loads. Fakhimi et al. (2018) used physical and numerical
methods to analyze rock strength under impact and dynamic loads in
the Split Hopkinson Pressure Bar testing. The study was on cylindrical
samples and it captured the inertia characteristics. Kim et al. (2010)
considered the inertia effect of lateral confinement in the Split
Hopkinson Pressure Bar testing and calculated strain rates caused
by impact loads. Li et al. (2009) numerically simulated the residual
strength of samples under impact loads and introduced a risk

evaluation method that is safer than previous methods. Aghababaei
et al. (2019) employed a pulse shaper to reduce the strain rate variation
in impact load tests, which improves the experimental workflow for the
Split Hopkinson Pressure Bar tests. The discrete element method is
sometimes employed for the simulation of stress-strain relationships
for solids under impact loads. The stress equilibrium assumption and
the stress nonequilibrium assumption are both considered in the
numerical study (Prabhu and Qiu, 2022). Experimental and
numerical studies of the rock mechanical behaviors are relevant
since they can help to determine the essential elastic and plastic
properties of reservoir rocks. These properties are related to the
hydraulic fracturing processes since they usually govern brittleness
and fracability (Lecampion et al., 2018; Chen et al., 2021b; Guo et al.,
2021b), and they are often correlated with the fluid flow and rock
deformation behaviors in the hydrocarbon-bearing formations (Guo
et al., 2023). Zhang et al. (2021) proposed an experimental method to
quantify the effect of loading rates and lithologies on Kaiser effects
during in-situ stress measurements, where loading rate selection
criteria are determined. The design and optimization of hydraulic
fracturing-related parameters require detailed and accurate
understanding of the mechanical properties. Near-well damage
evolutions in reservoir rocks can be calculated using certain damage
criteria. They can provide a reference for the optimization of
perforation designs and for the modeling of the fracture initiation
process (Wang et al., 2022b; Wei et al., 2022).

This study is focused on the numerical investigation of the stress
and strain behaviors in formation rocks under dynamic loads in
hydraulic fracturing. The model considers the inertia effect in the
solid deformation process and the elastoplastic behaviors are
calculated. Several types of impact loads are analyzed in the
numerical investigation and their resultant stress-strain and
damage evolution patterns are discussed. The study quantifies the
damage evolution in solid rocks caused by impact loads and it can be
a reference for the understanding of formation damage propagation
during the fracturing process where impact loads are involved.

2 Methodology

Hydraulic fracturing aims at creating failures and fractures in
hydrocarbon-bearing reservoir rocks. At the beginning of hydraulic
fracturing processes, fracturing fluids directly contact reservoir
rocks where dynamic impact loads are exerted. Since the exertion
of the loads are rapid, the acceleration in the solid mechanics field
cannot be neglected.

In this study, a numerical model is presented for the analysis of
stress, strain, and damage evolutions caused by dynamic loads. The
inertia effect is considered so that the limitation imposed by quasi-
static assumptions can be addressed. The governing equation is
shown below. The momentum balance is expressed in terms of
Cauchy stress tensor and Newton’s third law of motion.

ρ
∂2u
∂t2

� ∇ · σ + ρb (1)

where σ is the stress; u is the displacement; b is the body force. The
inertia effect is considered by incorporating the acceleration term. A
place stress assumption is used as the investigated domain in this
study is relatively small.
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Except for the momentum balance expressed above, the
boundary load is also considered as a boundary condition.

σ · n � t (2)
where n is the normal vector; t is the boundary traction.

Similarly, the fixed boundary condition can be expressed.

σ · n � 0 (3)
where a fixed boundary with no displacement allowed is prescribed.

Plasticity is considered in the model. The Drucker-Prager
criterion is used to calculate the plastic behaviors.

F � ��
J2

√ + αI1 − k (4)
where F is a smooth function denoting the yield surface; I1 and J2
are stress invariants. The two material constants α and k can be
expressed and related to the Mohr-Coulomb criterion.

α � sin ϕ
�
3

√ (5)

k � 2c · cos ϕ
�
3

√ (6)

where ϕ is the internal friction angle and c is the cohesion. Note that
these relations between the Drucker-Prager coefficients and Mohr-
Coulomb coefficients assume that a 2D domain with the plane stress
considerations is studied. Based on the equations, the inertial effect
in the solid material under impact loads can be quantified. The
numerical solution is based on the finite element method. To
effectively solve the dynamic problem, the high frequency
dissipation should be honored with proper time integration in
the time discretization (Chung and Hulbert, 1993).

3 Results and discussion

In the beginning of the hydraulic fracturing process, dynamic
loadings are exerted on reservoir rocks and drastic mechanical
changes are induced. The numerical study is focused on the
short-term responses right after the exertion of the dynamic
loads. The effect of impact loads caused by fracturing fluids is
depicted as a changing boundary condition in the solid
mechanical problem. In the numerical analysis, several relevant
parameters are investigated. Factors considered in the analysis
include the loading rate, the loading location, and heterogeneity.
The loading time in the base case is 0.01 ms, which presents the
relatively fast and instantaneous responses in the beginning of the
fracturing operations.

In this section, the base case is first investigated. Then, loading
rate, loading location, and heterogeneity of the reservoir rock are
investigated. Finally, a discussion is included so that the quantitative
understanding of effects of theses parameters can be given.

3.1 Base case

In the first place, a base case is established to simulate the
instantaneous response in a rock sample. A 2Dmodel with the plane
stress assumption is used. The inertial effect is considered in the

dynamic process. A square shape of 5 cm by 5 cm is set up. A
Young’s modulus of 30 GPa and a Poisson’s ratio of 0.2 are used. The
rock density is 2,600 kg/m3. To establish the failure criterion, a
cohesion of 8 MPa and an internal friction angle of 30° are used.
These parameters are based on typical sandstone properties in
hydrocarbon-bearing formations. The simulation time is 0.01 ms
and a changing load is exerted on a boundary on the right. The load
increases gradually with time as σ � 50MPa

0.01ms × t.
Following the convention in reservoir geomechanics, the

compressive state is denoted as positive. Results in Figure 1
shows the 2D distribution of the x component of strain, the x
component of stress, the plastic strain, and the acceleration
magnitude at the end of the simulation time. Since the boundary
load is exerted on the right, the most significant responses are
observed along the right boundary. Note that the load is exerted
entirely on the boundary. The maximum strain of 0.0016 is observed
on the right. The maximum stress is 50 MPa on the right, and this
corresponds to the impact load magnitude at time 1 ms. Plasticity is
observed near the right boundary. The width of the plastic region is
around 4 mm and the maximum plastic strain is on the right
boundary. The distribution of the acceleration magnitude is also
presented. Although the distribution of the acceleration magnitude
does not change in the y direction, oscillations are observed in the x
direction which is the orientation of the exerted external load from
the right. Results indicate that this acceleration propagation is
successfully captured by the dynamic model used in this study
while a quasi-static model cannot effectively address this wave
propagation.

Figure 2 presents the temporal evolution of the acceleration
magnitude at three locations (0 m, 0.025 m), (0.025 m, 0.025 m), and
(0.05 m, 0.025 m). Both of the semi-log and the Cartesian plots are
shown to better present the trends. It is observed that as it is closer to
the right boundary with the impact load, the acceleration is more
drastic. At (0 m, 0.025 m), the acceleration of the solid phase is
induced last, and the magnitude is the lowest. This indicates that the
propagation caused by the impact load takes time to reach the left
boundary. At (0.025 m, 0.025 m), the acceleration magnitude
becomes more significant and the start of the acceleration
response occurs earlier. An oscillation is observed and the
magnitude starts to drop after 0.008 ms. At (0.05 m, 0.025 m),
the acceleration is relatively stable as the impact load boundary is
prescribed at the beginning of the simulation. Slight oscillations can
be observed during the temporal evolution. In the last 0.002 ms, the
acceleration magnitude at (0.025 m, 0.025 m) becomes greater than
(0.05 m, 0.025 m), showing that the acceleration response in the rock
sample is not always monotonic and a wave propagation pattern can
be captured. This is in accordance with the acceleration term
considered in this elastoplastic and dynamic model.

Figure 3 shows the temporal changes in displacement and strain
rate in the x direction at three monitoring points (0 m, 0.025 m),
(0.025 m, 0.025 m), and (0.05 m, 0.025 m). Compared to the other
two locations, the displacement changes at (0 m, 0.025 m) is nearly
negligible. It means that even there are small accelerations at (0 m,
0.025 m), it is relatively small and the induced displacement is
insignificant. At (0.025 m, 0.025 m), the displacement increase
becomes noticeable in the end. It also shows that it takes time
for the boundary load to induce deformation in the solid phase in the
middle of the sample. At (0.05 m, 0.025 m), the deformation is
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induced instantaneously as the boundary load is directly exerted.
Results of the strain rate in the x direction are also presented. Since
the effect of the impact load on the right boundary is insignificant at
(0 m, 0.025 m), the strain rate is nearly 0. At the other two locations,
oscillatory patterns of the strain rate in the x direction are observed.

This corresponds to the dynamic response induced by the impact
load in the sample. The oscillation of strain rate occurs first at the
monitoring point of (0.05 m, 0.025 m) than that at the monitoring
point of (0.025 m, 0.025 m) due to the distance to the right
boundary. However, once it enters into the oscillatory phase, the

FIGURE 1
Results at the end of the simulation time. Results are 2D plots of the x component of strain, the x component of stress, the plastic strain, and the
acceleration magnitude.

FIGURE 2
Temporal evolutions of acceleration at three locations. Plots are both semi-log and Cartesian.
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two monitoring points endure similar patterns of strain rate
oscillations. This shows that the model employed in this
numerical study can capture the wave propagation patterns
caused by the impact load in the dynamic problem.

After the discussion of temporal evolutions of the mechanical
responses at certain monitoring points, the spatial distributions are
also discussed. Figure 4 shows the distribution of strain rate in the x
direction along the horizontal monitoring line (0 m ≤ x ≤ 0.05 m and
y = 0.025 m). Results at time steps 0.002 ms, 0.004 ms, 0.006 ms,
0.008 ms, and 0.01 ms are shown. Results indicate that the wave
propagation pattern also exists in the strain rate distributions. When
the deformation first reaches at a location, the amplitude is relatively
great. As the peak moves forward, the amplitude becomes
attenuated. The greatest amplitude of the strain rate wave is
about 40 1/s. As the loading time increases, the amplitude
decreases and the wavelength also decreases. Locations with x ≤
0.01 m always have 0 strain rates as the effect of the impact load has

FIGURE 3
Temporal evolutions of displacement and strain rate in the x direction at three locations (0 m, 0.025 m), (0.025 m, 0.025 m), and (0.05 m, 0.025 m).

FIGURE 4
Spatial distribution of strain rate in the x direction along the
horizontal monitoring line at y = 0.025 m at 0.002 ms, 0.004 ms,
0.006 ms, 0.008 ms, and 0.01 ms.

FIGURE 5
Spatial distribution of acceleration magnitude along the
horizontal monitoring line at y = 0.025 m at 0.002 ms, 0.004 ms,
0.006 ms, 0.008 ms, and 0.01 ms.

FIGURE 6
Spatial distribution of plastic strain along the horizontal
monitoring line at y = 0.025 m at different time steps.
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not traveled to these locations during the simulation time. Figure 5
presents the acceleration distribution at several different time steps.
Propagation waves can also be captured and the waveforms are
smoother than the strain rate results. Similar to strain rate
waveforms, at a certain location, the amplitude of the
acceleration distributions also attenuate with time and the
wavelength decreases as it moves closer to the right boundary
with the impact load. The wave propagation patterns of strain
rate and acceleration exhibit similar attenuation trends.

In Figure 6, the distribution of volumetric plastic strain at
different time steps of 0.0086 ms, 0.0088 ms, 0.009 ms,
0.0092 ms, 0.0094 ms, 0.0096 ms, 0.0098 ms, and 0.01 ms is
plotted. Since the far end does not have significant mechanical
responses, the curves are plotted for the end to the external
impact load. Results show that, once it enters plasticity, the
evolution of this type of material failure magnifies fast. Both
the plastic strain magnitude and the plasticity region increase
rapidly. It indicates that, due to the increased boundary load, rock
failure occurs at and near the traction boundary and damage
starts to accumulate.

3.2 Loading rate

In the base case, a boundary load of σ � 50MPa
0.01ms × t is used. In this

section, the effect of the loading rate is investigated. The maximum
load at the end of the simulation is still 50 MPa, while the loading
rate is doubled so that a more rapidly exerted impact load is used. In
this section, the boundary load becomes σ � 50MPa

0.005ms × t and the time
is reduced to 0.005 ms.

The acceleration results monitored at three locations (0 m,
0.025 m), (0.025 m, 0.025 m), and (0.05 m, 0.025 m) are
presented in Figure 7. It is plotted on a semi-log scale. Compared
to Figure 2, it can be seen that when the loading rate is doubled, the
acceleration magnitude is also largely increased. This is directly
caused by the increased loading rate at the boundary and it is
observed at all three plotted locations. The displacement results are
also presented in this figure. Compared to the base case results in
Figure 3, it can be observed that increasing the loading rate actually
decreases the displacement profiles. Only the monitoring location at
(0.05 m, 0.025 m) endures deformation, while the other two
monitoring locations do not any significant deformation. This is

FIGURE 7
Temporal evolutions of acceleration and displacement at three locations (0 m, 0.025 m), (0.025 m, 0.025 m), and (0.05 m, 0.025 m).

FIGURE 8
Spatial distribution of strain rate and acceleration magnitude along the horizontal monitoring line at y = 0.025 m at 0.001 ms, 0.002 ms, 0.003 ms,
0.004 ms, and 0.005 ms.
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a noticeable difference compared to the displacement results in the
base case.

Figure 8 shows the spatial distribution of strain rate and
acceleration magnitude along the horizontal monitoring line
same as the base case. Results are plotted for time steps of

0.001 ms, 0.002 ms, 0.003 ms, 0.004 ms, and 0.005 ms. Compared
to the base case, it is clear that increasing the loading rate
significantly magnifies the strain rate. The strain rate in the x
direction is doubled compared to the base case. The greatest
amplitude of the strain rate distribution is nearly 100 1/s. It is
significantly increased compared to this value of 40 1/s in the
base case. However, the waveform of strain rates travels slower
than the base case. Similar trends are observed in the acceleration
results. The acceleration waves also travel slower than the base case,
while the magnitudes and amplitudes are much higher since the
increased loading rate leads to greater accelerations.

Figure 9 shows the plastic strain (volumetric) induced by the
impact load with an increased loading rate in this section. Only the
last few time steps are presented since the plasticity occurs at these
time steps. Increasing the loading rate significantly changes the
distribution patterns of plasticity along the monitoring line. The
distribution is not monotonical and the oscillatory pattern is also
observed. Comparatively, results in the base case are generally
gradually decreasing from the impact load boundary. In addition,
increasing the loading rate significantly increases the plastic strain
magnitudes. The maximum plastic strain in this case is about
10 times of the base case. The area with plasticity is also reduced
in this case. These indicate that doubling the loading rate
significantly increases the failure, while the plastic region is

FIGURE 9
Spatial distribution of plastic strain along the horizontal
monitoring line at y = 0.025 m at different time steps.

FIGURE 10
Results at the end of the simulation time. Results are 2D plots of the x component of stress, the plastic strain, the x component of stress, and the
acceleration magnitude. The location of the impact load boundary is also denoted on the right boundary.
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reduced. Also, due to the dynamic and wavy mechanical response,
the propagation of failure from the impact load boundary is not
always monotonic and it can be oscillatory in the domain.

3.3 Loading location

In the base case, the entire right boundary is prescribed with the
impact boundary. In this analysis, only a segment of the right
boundary is exerted with the impact load. The loading is the
same as the base case, while only a 0.1 m-long segment on the
right boundary in the middle is exerted with the load.

Figure 10 shows the 2D maps of the x component of stress, the
plastic strain, the x component of stress, and the acceleration
magnitude at the end of the simulation at 0.01 ms. The location of
the boundary load is marked in the plots, which is only on a short
segment of 0.1 m compared to 0.5 m of the entire boundary in the
base case. Compared to the base case, due to the change in the impact
load, the results are no longer uniformly distributed in the y direction.
Dissipation patterns can be observed in all four maps. In the Sx map,
induced stresses are observed only at the load boundary and at the
near-boundary locations. It means that reducing the loading
boundary length effectively decreases the impact of the boundary
load in the 2D domain in terms of induced Sx. The volumetric plastic
strain results also indicate that the dissipative and oscillatory

propagation trends are induced by the impact load. The greatest
plastic strain does not occur at the impact load boundary. It peaks in
an oscillatory trend at the near-boundary location. It is noted that in
the semicircle area next to the impact load, there is no plastic failure.
This indicates that in the instantaneous and dynamic impact loading
problem, failure does not always occur at locations near the impact
boundary. The wave propagation actually results in significant failure
within the domain. The wavy and oscillatory patterns become much
more significant in the strain rate and acceleration results. The strain
rate in the x direction dissipates into the 2D domain with a source at
the impact load boundary. While strain rates at and near the impact
load boundary are among the greatest, their magnitude gradually
decrease as it moves away from the boundary load in an oscillatory
pattern. Both positive and negative strain rates are observed,
indicating that the amplitude and the oscillation in the strain rate
propagation in the x direction are induced. The acceleration
magnitude map indicates that high accelerations can be obtained
both at the load boundary and within the domain. Compared with the
acceleration result in Figure 1, the maximum acceleration magnitude
becomes much smaller. This is because the momentum induced by
the impact load in this section is smaller.

In general, compared with the base case in Figure 2, reducing the
length of the impact boundary significantly alters the spatial
distribution of stress, plasticity, strain rate, and acceleration at
the end of the simulation time.

FIGURE 11
Temporal evolutions of acceleration, displacement, and strain rate in the x direction at three locations (0 m, 0.025 m), (0.025 m, 0.025 m), and
(0.05 m, 0.025 m).
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In addition to the contour map results, temporal and spatial
evolutions at some monitoring locations are also discussed.
Figure 11 presents the temporal changes in acceleration,
displacement, and strain rate in the x direction. At three
monitoring points, the curve shapes of acceleration are very
similar to the base case and the values are also similar. The curve
of the strain rate in the x direction is also oscillatory at (0.025 m,
0.025 m) and (0.05 m, 0.025 m). The greatest magnitude of strain
rate becomes lower than the base case, and this is because the impact
caused by the exertion of the boundary becomes weaker.

Then, Figure 12 shows the spatial distributions of
acceleration, plasticity, and strain rate in the x direction along
the monitoring line at y = 0.025 m at various simulation time
steps. Compared to the base case, the spatial distribution patterns
of these parameters have been changed considerably. In the
acceleration results, the peaks of the waves are no longer the
highest near the propagation fronts as in the base case. The waves
attenuate as they move into the domain from the impact load
boundary. The plastic strain curves become pulse-shaped. After
0.006 ms, plasticity starts to occur at x = 0.043 m. It does not start
to occur and peak at the impact load boundary, which is largely
different from the base case. The pulse-shaped plasticity profile
then gradually magnifies at this location and propagates to the
left and to the right. The strain rate curves are changed similarly
to the acceleration curves. The peak strain rate attenuates as it
moves away from the boudanry.

3.4 Heterogeneity

After the analysis using the homogeneous assumption, this
section is aimed at the mechanical response in a domain with
heterogenous mechanical properties. The base case is based on
the homogeneous rock material properties: Young’s modulus =
30 GPa; Poisson’s ratio = 0.2; rock density = 2,600 kg/m3;
cohesion = 8 MPa; internal friction angle = 30°. In this study,
another rock material is used. It has the following properties:
Young’s modulus = 40 GPa; Poisson’s ratio = 0.1; rock density =
2,600 kg/m3; cohesion = 12 MPa; internal friction angle = 20°. This
material is embedded in the 2D domain. The domain is equally
divided into five layers. Three layers are the same as the base case
and two embedded layers are the new rock material. Each of the five
layers is 0.01 m thick. The heterogeneity is only in the y direction
while the x direction is not heterogeneous. The boundary impact
load is on the right and it is exerted on the entire boundary.

Figure 13 shows the 2D maps of the x component of stress, the
plastic strain, the x component of stress, and the acceleration
magnitude at the end of the simulation time 0.01 ms. Compared
to the homogeneous scenarios in previous results, it is
distinguishable that the introduction of heterogeneity changes the
mechanical response in the dynamic domain. The stress result
indicates that the new material leads to layered mechanical
response. Since the new material has more brittle elastic
properties, it can be noted that the propagation of Sx is faster in

FIGURE 12
Spatial evolutions of acceleration, plasticity, and strain rate in the x direction at different time steps.
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the two layers with the newmaterial and the propagation is slower in
the three layers with less elastic properties. This trend also has an
impact on the plasticity result, where the two layers with the new
material have more plastic strains. This can be attributed to the more
drastic mechanical changes in the two layers as they facilitate
induced stress evolutions. In contrast, the three layers with the
base case material have insignificant plastic failures. The strain rate
in the x direction result indicates that a dissipation pattern is
existent. However, the containment of stacked layers limits the
propagation. The greatest strain rate is observed in the layers
with the new material, which generally corresponds to the
acceleration contours. The magnitudes of acceleration and strain
rate are generally correlated.

3.5 Discussion

The numerical analysis provides insights into the behavior and
stability of reservoir rocks during hydraulic fracturing operations.
The captured dissipative and propagative patterns in the mechanical
field under impact loads are of particular importance. The observed
waveforms of strain rate, plasticity, and acceleration demonstrate
that the dynamic model captures the dynamic response of reservoir
rocks at the beginning of hydraulic fracturing operations. This is in
contrast to the quasi-static assumption, which would fail to capture

or quantify these behaviors. Understanding the dynamic response is
important for the quantification of fracture initiation and
propagation in reservoir rocks.

Increasing the loading rate leads to higher magnitudes of strain
rate, acceleration, and plasticity in the domain. This finding suggests
that higher loading rates during hydraulic fracturing operations can
induce more significant dynamic responses in the reservoir rocks.
The increased strain rate and acceleration magnitudes indicate a
potential for enhanced fracture propagation and stimulated
reservoir volume. However, it is important to note that the
regions experiencing these induced responses become smaller
compared to cases with lower loading rates due to shorter
exertion time. This can guide the design of hydraulic fracturing
operations.

The significant strain rate and acceleration responses, which are
observed at and near the impact load boundary, have direct
implications for fracture initiation and propagation. These
responses can indicate areas of high stress concentrations and
potential fracture development. However, the study also reveals
that strain rate and acceleration responses can occur within the
domain due to wavy propagation patterns. This highlights the
importance of considering the potential for induced responses
away from the direct impact load boundary. It emphasizes the
need for fracture containment and control during hydraulic
fracturing operations to avoid unwanted fracture initiation.

FIGURE 13
Results at the end of the simulation time in the heterogeneous case. Results are 2D plots of the x component of stress, the plastic strain, the x
component of stress, and the acceleration magnitude. Two layers with the new material are marked in the plot.
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Heterogeneity has a direct impact on the mechanical response in
reservoir rocks. The presence of different material properties within
the rock formations can influence stress propagation, plasticity, and
strain rate patterns. The observed stronger stress and plasticity
responses in more elastic domains suggest that these areas are
prone to higher stress concentrations and potential fracture
development. On the other hand, less elastic domains exhibit
smaller plastic strains and weaker stress responses, indicating
potentially more stable regions. Understanding the heterogeneity-
induced variations in the mechanical response is crucial for
optimizing hydraulic fracturing designs and targeting zones with
favorable mechanical properties.

The observed responses in the numerical analysis provide
insights into the behavior and stability of reservoir rocks during
hydraulic fracturing operations. By considering factors such as
loading rate, loading location, and rock heterogeneity, engineers
and geoscientists can better understand the dynamics of fracture
initiation, propagation, containment, and stability. This knowledge
is essential for optimizing hydraulic fracturing designs, minimizing
risks associated with unwanted fracture growth, and ensuring the
safe and efficient development of hydrocarbon-bearing reservoirs.

4 Conclusion

This study presents an elastoplastic model considering the
dynamic effects. Plasticity, acceleration, and strain rate’s wavy
propagation patterns induced by the impact load boundary have
been quantified and discussed. Some conclusions are drawn.

(1) When the impact load is uniformly exerted on a boundary, the
propagation of plasticity is monotonic in the rock. However,
when the impact load is partially exerted on a boundary,
dissipative and propagative patterns of mechanical responses
such as strain and deformation are induced and the occurrence
of plasticity is not always initiated at the impact load boundary.

(2) Increasing the impact loading rate can magnify the magnitudes
of plasticity, strain rate, and acceleration. However, since the
load is more rapidly exerted, the distribution range and
magnitude of deformation are reduced. The distribution
ranges of plasticity, strain rate, and acceleration are also
reduced. This process is highly nonlinear due to the plastic
nature of the problem. There is no thresholds since the
determination of plasticity is jointly governed by the
mechanical properties and the boundary conditions.

(3) The existence of heterogeneity leads to different mechanical
response behaviors. In the layered heterogeneity investigated in
this study, more elastic layers have more drastic mechanical
responses and greater strain rate, acceleration, and plasticity
propagations. The observation here serves as a reference for the
understanding of the containment of failure and fracture
initiation in layered formations.

5 Recommendation

Based on the observations in this study, some
recommendations are brought up. Uniform loading is
preferred at the contact boundary between the fluid loading
and the reservoir rock, as it can induce failures from
perforated locations in the casing. Also, the effect of the size
and location of perforations and how it affects plasticity
evolution can be related to the loading location investigation
in this study. Although large loading rates (or high pumping rate)
are wanted for faster failure creation and greater damage
accumulation, the exertion of the loading should be
maintained long enough so that the near-well regions are
effectively impacted. Note that these recommendations are
only focused on the limited near-well region on the
millisecond scale instantaneously after the start of hydraulic
fracturing, and this is focused on the accumulation of failures
at these very early stages.
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