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Abstract: This study presents an in-depth analysis of rock deformation and damage behaviors 

induced by dynamic loadings, specifically focusing on the fracturing of tight oil reservoirs. An 

elastoplastic model based on finite element methods was utilized to simulate the effects of varying 

loading and perforation parameters. Three distinct scenarios were modeled: a single perforation, 

boundary loading on three sides, and multiple perforations, each providing unique insights into the 

mechanical responses of the rock material. The analysis revealed that dynamic effects are highly 

localized around perforations and loaded boundaries across all scenarios. Acceleration magnitudes 

are captured with rapid attenuation observed as the distance from the perforation increased. This 

indicated that the highest stress concentrations and deformation occurred close to the points of 

loading or perforation. Strain rate analysis in the x direction showed significant fluctuations near 

the perforations, reflecting intense stress redistributions and compressive deformation, especially 

prominent in the scenario with multiple perforations. Plastic strain, representing irreversible 

damage, was found to concentrate near perforation tips and loaded boundaries. However, the 

pattern of plastic strain accumulation varied: in the small domain scenario with boundary loading, 

plastic strain did not immediately accumulate next to the loading boundary, whereas in scenarios 

with single and multiple perforations, damage developed from the loading boundaries. These 

findings underscore the need for precise control in perforation and dynamic loading processes to 

manage stress and deformation effectively. The study concludes that optimizing perforation 

patterns and loading strategies can enhance reservoir stimulation efficiency while minimizing 

unintended damage to the surrounding formation. The insights gained from this research are crucial 

for improving hydraulic fracturing designs and ensuring the structural integrity of rock formations 

during dynamic loading. Future work will focus on refining these models and exploring additional 

scenarios to deepen our understanding of material behavior under complex loading conditions. 

Keywords: rock mechanics; numerical study; completion  

 

1. Introduction 

Hydraulic fracturing has been widely used in the development of tight oil reservoirs. Hydraulic 

fractures help to establish channels for oil and gas fluid flows in originally low-permeability 

reservoirs. In some scenarios, pulsated hydraulic fracturing designs are considered as this technique 

can facilitate loading-induced rock deformation and damage, which helps the formation of main 
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fractures during hydraulic fracturing treatment. Rock deformation and rock failure under complex 

loading conditions are very relevant in hydraulic fracturing related geomechanics. Accurately 

quantifying and characterizing these processes is important for optimizing hydraulic fracturing 

operations and enhancing tight oil recovery. 

In order to improve the understanding of these behaviors, recent progresses have focused on 

experimental methods, numerical simulations, and the integration of multiple approaches to provide 

comprehensive insights into rock mechanical responses to various types of loadings associated with 

tight oil development. Relevant experimental techniques are focused on the anisotropic responsive 

patterns, compression testing techniques, shearing and hydrostatic loadings, and the use of CT 

imaging for better visualization of deformation and damage. Togashi et al. (2017) introduced an 

experimental method to characterize anisotropic mechanical responses by measuring deformation 

magnitudes at different orientations in individual tests. This approach has advanced the 

understanding of anisotropic behavior in rock mechanics, which is crucial for predicting the response 

of reservoir rocks under complex loading conditions. Single-stage and multi-stage compression tests 

were compared to analyze induced damage in rock samples. This comparison quantified the 

importance of considering the loading history when evaluating rock strength and deformation 

properties. It also helped the calibration of constitutive models used in numerical simulations 

(Aghababaei et al. 2019). Kluge et al. (2020) discussed a method to evaluate shear failures in rock 

samples under hydrostatic loads, emphasizing the effect of hydromechanical interactions in rock 

deformation. This study improves the understanding of failure mechanisms in reservoir rocks 

subjected to high-pressure fluid injections. In another study that focuses more on rock mechanical 

heterogeneities, Chen et al. (2021) conducted numerical and experimental studies on the highly non-

uniform mechanical responses in tight rock samples. The matching of experimental data with 

simulation results improved the reliability of their analyses. In a similar approach, Baumgarten and 

Konietzky (2013) demonstrated the advantages of combining experimental and numerical methods 

to characterize post-failure behaviors. In addition to compression tests and numerical simulation, the 

visualization of deformation and failure is also a helpful strategy. Guo et al. (2021) utilized computed 

tomography (CT) alongside triaxial compressional tests to better understand heterogeneous 

mechanical responses and damage accumulations in heterogeneous reservoir rocks. This integration 

of imaging techniques enhanced the resolution, accuracy, and reliability of rock deformation and 

damage quantification. 

The derivation of governing equations related to rock mechanical responses and its 

numericalization and also widely used for the improvement of the understanding of rock 

deformation and damage under complex loadings. An analytical solution in Laplace-Fourier space 

was derived to capture transient behaviors of the poroelastodynamic field in the near-well reservoir 

rocks. This analytical approach provides a framework for understanding the dynamic responses of 

reservoir rocks under various loading conditions, including hydraulic fracturing (Xia et al. 2017). In 

a series of modeling studies for the rock mechanical behaviors under pulsated fracturing in tight 

reservoir rocks, Hou et al. (2021, 2022a, 2022b) have characterized the pressure and stress 

propagations in tight rocks under dynamic loadings induced by pulsating hydraulic fracturing where 

oscillatory loadings were exerted. The results showed that dynamic loadings help to induce damage 

accumulation and fracture initiation, with pressure wave propagation closely related to rock 

mechanical properties and pulse frequencies. Fakhimi et al. (2018) utilized physical and numerical 

methods to analyze rock strength under impact and dynamic loads using the Split Hopkinson 

Pressure Bar (SHPB) testing. Kim et al. (2020) then examined the acceleration behaviors caused by 

the inertia effect of lateral confinement in SHPB testing, providing insights into strain rates caused 

by dynamic impact loads. These studies have contributed to understanding the behavior of rocks 

under high strain rates and dynamic loading conditions. In a numerical investigation, Prabhu and 

Qiu (2021) employed the discrete element method (DEM) to simulate stress-strain relationships for 

solids under impact loads. This numerical study considered both stress equilibrium and 

nonequilibrium assumptions, offering a comprehensive perspective on the mechanical response of 

rocks under dynamic conditions. Based on experimental and numerical understanding of the 
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mechanical responses induced by dynamic loadings, implications for brittleness and fracability 

quantification are also achieved. Lecampion et al. (2018), Chen et al. (2021), and Guo et al. (2021) 

promoted the importance of rock mechanical responsive patterns in governing brittleness and 

fracability. Zhang et al. (2021) proposed an experimental method to quantify the effect of loading 

rates and lithologies on acoustic emission denoted by Kaiser effects during in-situ stress 

measurements. The study established loading rate selection criteria, which are crucial for accurate 

stress measurements in reservoir rocks. Wang et al. (2022) and Wei et al. (2022) discussed strategies 

for optimizing laboratory determination of formation damage, where permeability evolution was 

used as an index. Their studies provide references for optimizing perforation designs and modeling 

fracture initiation processes, essential for enhancing hydraulic fracturing efficiency. 

Based on the literature review, it can be noted that recent progresses in the study of rock 

deformation and failure under various loading conditions have advanced the understanding of 

geomechanical behaviors in reservoir rocks under dynamic and pulsated loadings. Experimental 

approaches, numerical simulations, and their integration have provided more accurate and reliable 

insights into the mechanical responses of rocks, crucial for optimizing hydraulic fracturing 

operations. In addition to these progresses, it is noted that the numerical investigation of rock 

mechanical responses to pulsated fracturing can be improved by examining the effect of the hydraulic 

fracturing perforation parameters. 

In this study, an elastoplastic model is used to examine the rock deformation and damage 

behaviors under dynamic loading caused by hydraulic fracturing in tight reservoir rocks. Both elastic 

and plastic behaviors are captured in the model with the inertia effect considered. Stress, strain, and 

acceleration results are discussed in the several scenarios with various perforation configurations and 

loading parameters. This study helps to provide insights into the optimization of hydraulic fracturing 

parameters and perforation parameters during the development of tight oil reservoirs. 

2. Numerical Model 

In this study, a numerical model that considers the dynamics and elastoplastic behaviors is used 

for quantitative analyses. The dynamic hydraulic fracturing load on the tight oil reservoir rock is 

treated as a boundary load on the rock solid. The boundary load is also evolving with time. This 

study is limited to the very early stages of the dynamic loading to reflect the initial rock deformation 

and failure, which can be used to quantify the easiness of main fracture formation. The plane stress 

assumption is used in this model. In addition, this model is focused on the solid mechanical field in 

the reservoir rock. 

In the first place, the basic momentum balance equation is shown as: 

𝜌
𝜕2𝐮

𝜕𝑡2
= ∇ ∙ 𝛔 +  𝜌𝐛 

(1) 

where u is the displacement; 𝛔 is the stress; 𝜌 is rock density; 𝐛 is the body force (gravity in this 

scenario). The time derivative term is used to calculate acceleration and the inertial effect. 

The dynamic boundary load introduced by fracturing on the reservoir rock is depicted by: 

𝛔 ∙ 𝐧 = 𝐭 (2) 

𝛔 ∙ 𝐧 = 0 (3) 

where t is used to denote the evolving loading condition. It is prescribed as a boundary condition as 

a function of time in Eq. (2). Similarly, Eq.(3) indicates a fixed boundary. 

After the exertion of loading, in the elastic regime, linear stress and strain relationship is used 

for calculation. When it enters plasticity, the Drucker-Prager criterion is involved: 

𝐹 = √𝐽2 + 𝛼𝐼1 − 𝑘 (4) 

𝛼 =
sin𝜙

√3
 (5) 
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𝑘 =
2𝑐 ∙ cos𝜙

√3
 (6) 

Eq. (4) shows the yielding criterion 𝐹 where invariant 𝐼1 and invariant 𝐽2 are involved. In this 

study, the Drucker-Prager criterion is matched to the Mohr-Coulomb criterion through the two 

constants 𝛼  and 𝑘  as in Eq. (5) and Eq. (6). As key Mohr-Coulomb constants, 𝜙 is the internal 

friction angle and 𝑐 is the cohesion. 

Since the dissipation problem is involved in solving for the dynamic response in the reservoir 

rocks, special numerical strategies as shown in Eq. (7) to Eq. (11) are used. 

𝑢𝑛+1 = 𝑢𝑛 + Δ𝑡
𝑑𝑢

𝑑𝑡 𝑛
+

Δ𝑡2

2
((1 − 2𝛽)

𝑑2𝑢

𝑑𝑡2
𝑛

+ 2𝛽
𝑑2𝑢

𝑑𝑡2
𝑛+1

) 
(7) 

𝑑𝑢

𝑑𝑡 𝑛+1
=

𝑑𝑢

𝑑𝑡 𝑛
+ Δ𝑡 ((1 − 𝛾)

𝑑2𝑢

𝑑𝑡2
𝑛

+ 𝛾
𝑑2𝑢

𝑑𝑡2
𝑛+1

) 
(8) 

𝑑2𝑢

𝑑𝑡2
𝑛+1

= 𝑀−1 (𝑓𝑛+1 − 𝐾𝑢𝑛+1 − 𝐶
𝑑𝑢

𝑑𝑡 𝑛+1
) (9) 

𝑢𝑛+1 = 𝑢𝑛 + Δ𝑡
𝑑𝑢

𝑑𝑡 𝑛
+ Δ𝑡2 ((

1

2
− 𝛽)

𝑑2𝑢

𝑑𝑡2
𝑛

+ 𝛽
𝑑2𝑢

𝑑𝑡2
𝑛+1

) 
(10) 

𝑑𝑢

𝑑𝑡 𝑛+1
=

𝑑𝑢

𝑑𝑡 𝑛
+ Δ𝑡 ((1 − 𝛾)

𝑑2𝑢

𝑑𝑡2
𝑛

+ 𝛾
𝑑2𝑢

𝑑𝑡2
𝑛+1

) 
(11) 

where 𝑢 is the displacement; subscripts 𝑛 and 𝑛 + 1 are used to denote time steps; 
𝑑2𝑢

𝑑𝑡2  is the solid 

acceleration; Δ𝑡 is the time step size; 𝛽 and 𝛾 are numerical parameters denoting damping and 

stability during the solution; 𝑀  is the mass matrix; 𝑓  is the external force related to 𝐭 ; 𝐾  is a 

stiffness matrix; 𝐶 is a damping matrix. 

Eq. (7) is used to update the displacement field. It computes displacement at the next time step 

based on its current position, velocity, and acceleration. It incorporates the linear motion governed 

by current velocities and the acceleration effect. Eq. (8) updates the velocity of the system for the next 

time step. It integrates the acceleration effects into the velocity, accounting for the change due to the 

forces applied during the time step. Eq. (9) is the acceleration update that is essential for determining 

the dynamic response of the system to the forces applied. It solves the balance of forces by considering 

the inertia, the damping effect, and the stiffness of the system, which are used for understanding how 

the reservoir rocks respond under dynamic loads introduced by fracturing. Eq. (10) and Eq. (11) are 

used to improve the predictions made by Eq. (7) to Eq. (9) by incorporating additional parameters 

that control numerical damping and oscillations. They balance the current displacement and velocity 

with the newly predicted accelerations to provide updated estimates of these quantities 

3. Results and Discussion 

In the numerical study, several scenarios are investigated. In these cases, different domain sizes 

and perforation parameters are analyzed. Specifically, three scenarios are considered: the first 

scenario is a 3 by 15 m domain with loadings exerted on the right boundary; the second scenario is a 

small near-perforation domain with 5 by 5 cm; the third scenario is 1 by 5 m where multiple 

perforations in a cluster are modeled. 

3.1. Scenario 1 

In the first case, a 3 by 15 m domain is used to denote the near-well and near-perforation 

reservoir. The domain length is 3 m in the x direction and 15 m in the y direction. In the base case, 
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two perforations at (3 m, 5 m) and (3 m, 10 m) are prescribed on the right boundary. The loading on 

these two locations is 50 MPa/0.01 ms. The Young’s modulus of the reservoir rock is 30 GPa and the 

Poisson’s ratio is 0.2. Rock density is assumed as 2600 kg/m3. The cohesion is 8 MPa and the internal 

friction angle is 30°.  

Figure 1 shows the temporal evolution of acceleration at six different monitoring points (1, 5), 

(2, 5), (3, 5), (1, 10), (2, 10), and (3, 10). Monitoring points (3, 5) and (3, 10) correspond to the two 

perforations exerting loadings. The graph illustrates the evolution of acceleration magnitudes over a 

duration of time 0 to 0.01 ms subjected to dynamic loading. The monitoring points (3, 5) and (3, 10) 

correspond to the highest acceleration magnitudes observed in these points. Specifically, the 

acceleration magnitude at point (3, 5) reaches values in the range of 106 m/s2, which indicates a 

significant impact due to the dynamic loading caused by fracturing operations. This high acceleration 

is attributed to the localized stress concentrations and rapid deformation near the perforation, which 

is driven by the sudden release of energy associated with the hydraulic fracturing process. In contrast, 

the other monitoring points (1, 5), (2, 5), and (1, 10) show relatively lower acceleration magnitudes, 

suggesting a more alleviated dynamic response. These points are positioned further away from the 

perforations. They experience less direct impact from the loadings, resulting in lower accelerations 

in the range of 10−10 m/s2 to 10−7 m/s2. The consistent acceleration curve patterns with small 

perturbations reflect the relatively consistent propagation of dynamic waves through the material. 

The observed curve dips at around 0.003 ms indicate interactions of stress waves within the reservoir 

rock medium, which can be attributed to the effect of domain boundaries.  

 

Figure 1. Acceleration of rock solid in the domain at monitoring points of (1, 5), (2, 5), (3, 5), (1, 10), 

(2, 10), and (3, 10). 

Figure 2 shows the displacement and strain rate in the x direction for these 6 monitoring points. 

The displacement evolution graph shows a clear trend of increasing displacement over time at 

various monitoring points, with the highest values observed for points (3, 5) and (3, 10), which are 

the locations of the perforations. The displacement magnitudes at these points exhibit an exponential 

growth pattern, reaching approximately 24×10−4 m at 0.01 ms. This rapid increase in displacement 

indicates significant deformation near the perforations due to the applied dynamic loadings, 

indicating the pronounced mechanical response in these regions. Other monitoring points (1, 5), (2, 

5), and (1, 10) show similar exponential trends but with lower overall displacements, indicating that 

while the dynamic effects are existent throughout the medium, they are less intense further from the 

perforations. The strain rate evolution in the x direction is in accordance with the displacement 

observations. The graph indicates a decreasing strain rate trend over time, with the most significant 

changes at points (3, 5) and (3, 10). These points show strain rates decreasing from around -20 1/s to 
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approximately -260 1/s in the same time period. This trend suggests a rapid rate of deformation at the 

beginning of dynamic loading exertion. The other monitoring points exhibit less rapid changes in 

strain rates, indicating their lower exposure to the dynamic loadings. All monitoring points 

experience similar strain rate evolution patterns, suggesting a uniform material response to the 

applied dynamic loadings. Also, perforation areas experience the most significant strain due to their 

proximity to the load application. 

 

 

Figure 2. Displacement and strain rate in the x direction of rock solid in the domain at monitoring 

points of (1, 5), (2, 5), (3, 5), (1, 10), (2, 10), and (3, 10). 

In Figure 3, a monitoring line at y = 6.5 m spanning from x = 0 to x = 3 m is involved. This line is 

used to examine the scale of the affected area after the exertion of dynamic loadings. Results of strain 

rate in the x direction, acceleration magnitude, and plastic strain are plotted at 0 ms, 0.002 ms, 0.004 

ms, 0.006 ms, 0.008 ms, and 0.01 ms. The strain rate in the x direction shows an initial rapid increase 

near x=3 due to the location of the perforation. Over time, this strain rate decreases from -20 1/s at 0 

ms to approximately -260 1/s by 0.01 ms, indicating that deformation is primarily localized near the 

perforation region. This sharp gradient in strain rate suggests the high impact of dynamic loading in 
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a confined spatial region, with limited propagation into the reservoir. It also reflects the local stress 

concentration due to the loading exerted during hydraulic fracturing, while the affected area is 

limited to a narrow band near the perforations. The acceleration magnitude evolution also indicates 

the strong dynamic effects near the perforations. Initially, there is a sharp increase in acceleration 

magnitude, reaching 8×105 m/s2 near x = 3 m, and this acceleration is existent over time. In addition, 

it gradually decreases as the energy dissipates. The acceleration magnitude result shows the 

immediate and localized nature of the dynamic response, with acceleration rapidly decreasing as it 

moves away from the two perforations on the right boundary. This trend is in accordance with the 

patterns from strain rate observations. The limited affected area that is confined to the vicinity of x = 

3 m further confirms the localized impact of the dynamic loading. The plastic strain distribution then 

illustrates the permanent deformation characteristics (or damage) induced by the dynamic loading. 

Plastic strain is generally negligible throughout the majority of the domain, except near x = 3 m, where 

it suddenly increases sign to 55×10−6. This indicates that the reservoir rock has experienced 

irreversible deformation in the vicinity of the perforations, with the plastic strain accumulating 

primarily from 0.009 ms to 0.01 ms. The localized nature of plastic strain is substantiated by the 

substantial and lasting impact of dynamic loadings near the perforation regions. The affected area 

scale is rather limited, indicating that the structural impact of dynamic loading is restricted to a 

narrow band around the perforations. 
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Figure 3. Strain rate in the x direction, acceleration magnitude, and plastic strain are plotted at 0 ms, 

0.002 ms, 0.004 ms, 0.006 ms, 0.008 ms, and 0.01 ms. The monitoring line is at y = 6.5 m spanning from 

x = 0 to x = 3 m. 

3.2. Scenario 2 

In the second case, a smaller model is investigated to understand the effect of perforation size 

on the dynamic rock mechanical response in the reservoir rock. In this case, a 5 cm by 5 cm domain 

is modeled while a perforation with a width of 1 cm and a length of 3 cm is explicitly analyzed. All 

other modeling inputs are the same as the previous scenario. 

Figure 4 shows the strain in the x direction, stress in the x direction, and acceleration after 0.01 

ms of loading. The perforation is explicitly represented by the rectangle. Sharp strain perturbations 

are observed at the two tips of the perforation with sudden change from positive strains to negative 

strains. Results of stress in the x direction are largely orientation-dependent, as strong stress increases 

are observed in the x direction extending from the perforation tip. The acceleration results further 

indicate the wavy propagation pattern caused by the boundary loading.  
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Figure 4. Strain, stress, and acceleration results after 0.01 ms of loading in scenario 2. 

In Figure 5, acceleration of rock solid in the domain at monitoring points of (0.02, 0.025), (0.01, 

0.025), and (0, 0.025). In order to better visualize the temporal trends, both Cartesian and semi-log 

plots are presented. In the Cartesian plot, it is observed that the acceleration magnitude at point (0.02, 

0.025) exhibits the highest values, reaching approximately 5.5×105 m/s2 within the initial 0.002 ms. 

This is attributed to the fact that this point at the boundary load experiences the most significant 

impact due to the dynamic loading, reflecting the high stress and rapid deformation in this region. 

The acceleration then shows fluctuations, indicating non-uniform interactions and wave 

propagations within the rock. Similarly, point (0.01, 0.025) experiences great acceleration magnitudes 

slightly lower than (0.02, 0.025), reaching around 4.5×105 m/s2. This indicates that the dynamic effects 

are still significant but attenuated as the distance from the load increases. In contrast, point (0, 0.025) 

shows negligible acceleration, remaining nearly constant at a very low value, indicating minimal 

impact from the dynamic loading at this farthest point. The semi-log plot provides additional 

visualization of the acceleration evolution trends. It especially quantifies the orders of magnitude 

differences between the three monitoring points. The initial rapid increase in acceleration for points 

(0.02, 0.025) and (0.01, 0.025) is also honored, indicating the effect of high dynamic stresses. The 

acceleration at point (0, 0.025) is orders of magnitude lower, indicating the localized nature of the 

dynamic loading effects and the limited area affected. These results show the high acceleration values 

near the perforation, indicating significant local stress and risk for rock failure. 
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Figure 5. Acceleration of rock solid in the domain at monitoring points of (0.02, 0.025), (0.01, 0.025), 

and (0, 0.025) plotted in Cartesian and semi-log plots. 

In Figure 6, the displacement and strain rate in the x direction for the rock solid in the domain 

at the monitoring points (0.02, 0.025), (0.01, 0.025), and (0, 0.025) are presented to understand the rock 

mechanical response under dynamic loading boundary conditions. The semi-log plot of displacement 

evolutions demonstrates significant differences in displacement magnitudes at the three monitoring 

points. Point (0.02, 0.025), located closest to the boundary load, exhibits the highest displacement 

values, reaching up to 10−5 m. This rapid increase in displacement indicates significant deformation 

due to the applied dynamic load. Point (0.01, 0.025) also exhibits significant displacement, indicating 

an attenuation of the dynamic effects with distance from the loading boundary. In contrast, point (0, 

0.025) displays negligible displacement, remaining constant at very values close to zero throughout 

the time, indicating the limited impact region of the dynamic load. The overall trend suggests that 

the dynamic loading effects are very localized, with significant deformation confined to areas near 

the load application. In addition, the strain rate evolution in the x direction helps to further quantify 

the deformation responses. At point (0.02, 0.025), the strain rate experiences the most significant 
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fluctuation: it initially reaches -100 1/s and then oscillates between -240 1/s and 20 1/s. This indicates 

the complex wave interaction and stress redistribution near the loading point of the perforation. Point 

(0.01, 0.025) shows similar patterns while the strain rates are lower, indicating that dynamic effects 

attenuate as it moves away from the loading boundary. Like previous cases, the strain rate at point 

(0, 0.025) remains relatively stable, oscillating around -20 1/s, which again substantiates the fact that 

the dynamic loading boundary can only affect certain localized areas. The displacement and strain 

rate results indicate that the dynamic responses are highly localized near the perforations. The 

displacement magnitudes show that the boundary loading regions undergo the most significant 

deformation, while the strain rate oscillations indicate complex stress redistributions and wave 

interactions in these areas. 

 

Figure 6. Displacement and strain rate in the x direction of rock solid in the domain at monitoring 

points of (0.02, 0.025), (0.01, 0.025), and (0, 0.025). 

After discussing the temporal evolution patterns at several monitoring points, the spatial 

distribution patterns at the monitoring line of y = 0.025 m and x spanning from 0 to 0.02 m are 

investigated in Figure 7. Strain rate in the x direction and acceleration magnitude are plotted at 0 ms, 

0.002 ms, 0.004 ms, 0.006 ms, 0.008 ms, and 0.01 ms. The plastic strain is plotted at 0.009 ms, 0.0092 

ms, 0.0094 ms, 0.0096 ms, 0.0098 ms, and 0.01 ms. The monitoring line is at y = 0.025 m spanning from 

x = 0 to x = 0.02 m. Plastic strain results are limited to the later stages due to the fact that plastic strains 

and irreversible damage are not captured at the beginning. 

The strain rate in the x direction displays noticeable variations along the x-axis at different time 

steps. At early time steps of 0.002 ms and 0.004 ms, the strain rate exhibits strong fluctuations near 

the boundaries of the perforation. At time steps between 0.006 ms and 0.01 ms, these oscillatory 

patterns become more pronounced, which reflects the fierce and heterogeneous stress redistribution 

and wave propagations within the reservoir rock. The acceleration magnitude along the monitoring 

line shows the dynamic response at various time steps. At 0.002 ms, there is a sudden increase at and 

around x = 0.01 m reaching 6×105 m/s2. It indicates the simultaneous response to the exertion of 

the applied dynamic load. Over the entire loading time, the acceleration patterns are generally 
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oscillatory. The plastic strain evolution provides quantification of the induced irreversible damage. 

Note that only results after 0.009 ms are shown as plasticity is only captured at later stages of loading 

exertion. At time steps of 0.009 ms and 0.0096 ms, the plastic strain gradually increases at and near x 

= 0.01 m, indicating the onset of permanent deformation and damage. As 0.01 ms, the plastic strain 

reaches its peak at around 3×10−5. A nearly normal distribution centered around x = 0.01 m is 

observed. This pattern indicates that, instead of the boundary loading region, the oscillatory and 

wavy dynamic responses lead to the most prominent damage within the reservoir rock away from 

the boundary loading region. 
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Figure 7. Strain rate in the x direction and acceleration magnitude are plotted at 0 ms, 0.002 ms, 0.004 

ms, 0.006 ms, 0.008 ms, and 0.01 ms. The plastic strain is plotted at 0.009 ms, 0.0092 ms, 0.0094 ms, 

0.0096 ms, 0.0098 ms, and 0.01 ms. The monitoring line is at y = 0.025 m spanning from x = 0 to x = 0.02 

m. 

3.3. Scenario 3 

In the third case, a more realistic scenario is considered where multiple perforations are 

modeled. In this case, a cluster with 11 openings is considered where each perforation opening has a 

length of 0.63 m and a diameter of 0.01 m. The domain size is 1 m by 5 m and the perforations are 

placed at the right boundary. These parameters are used to represent perforations created by the 

perforating gun. Other modeling parameters remain the same. 

The spatial distribution of volumetric plastic strain and acceleration is plotted in Figure 8. 

Results show that the irreversible damage is primarily observed at and near tips of perforations, while 

acceleration magnitudes are relatively significant at and in between perforations. The clustering of 

perforations does not lead to significant plastic strain overlapping, indicating that irreversible 

damage is mainly caused individually around each perforation. In contrast, the acceleration contours 

expand radially around each perforation with strong overlapping effects. 
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Figure 8. Volumetric plastic strain and acceleration results after 0.01 ms of loading in scenario 3. 

Similarly, the 1D distribution of strain rate in the x direction, acceleration, and plastic strain at 0 

ms, 0.002 ms, 0.004 ms, 0.006 ms, 0.008 ms, and 0.01 ms along the monitoring line at y = 2.5 m is 

plotted in Figure 9. The line at y = 2.5 m is along the center perforation. The strain rate in the x 

direction shows significant magnitudes near the perforations at and around x=0.35 indicating an 

obvious compressive state in this region. The strain rate starts near zero at the left boundary at t = 0 

ms and rapidly decreases as it approaches the perforations. At 0.01 ms, the strain rate reaches -400 

1/s, suggesting intense deformation tendency. The change in strain rate over time indicates the 

propagation of stress waves and the resultant heterogeneous strain responses in the near-perforation 

rocks. The acceleration magnitude along the monitoring line exhibits a sharp increase near the 

perforations, which indicates the fast response of the reservoir rock to the dynamic boundary loading. 

It is noted that high acceleration magnitudes are concentrated near the perforations. The plastic strain 

distribution is also plotted along the monitoring line at later time steps. The plastic strain is negligible 

across most of the domain but shows a steep increase near the perforations. This increase indicates 

irreversible deformation localized around the perforations. However, the temporal evolution is not 

very significant in this scenario. 
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Figure 9. Strain rate in the x direction and acceleration magnitude are plotted at 0 ms, 0.002 ms, 0.004 

ms, 0.006 ms, 0.008 ms, and 0.01 ms. The plastic strain is plotted at 0.009 ms, 0.0092 ms, 0.0094 ms, 

0.0096 ms, 0.0098 ms, and 0.01 ms. The monitoring line is at y = 2.5 m in scenario 3. 

4. Conclusion 

This study implements an elastoplastic model based on finite element methods to analyze the 

effects of loading and perforation parameters on rock deformation and damage behaviors induced 

by dynamic loadings caused by the fracturing of tight oil reservoirs. Three different scenarios were 

modeled and discussed. Each scenario provided different insights into the deformation, strain rate, 

acceleration magnitude, and irreversible damage represented by plastic strain. Conclusions are 

summarized below. 

(1) In all scenarios, the dynamic effects are highly localized around the perforations and loaded 

boundaries. The acceleration magnitudes can reach 106 m/s2 at and near the perforations, with rapid 

attenuation observed as it moves away. It indicates that the highest stress concentrations and 

deformation occur close to the points of loading or perforation. 

(2) The strain rate in the x direction shows significant fluctuations near the perforations, 

reflecting intense stress redistributions and compressive deformation. This effect is especially 

noticeable in the third scenario with the most perforations. The displacement also shows significantly 

localized deformation. 

(3) Plastic strain is concentrated near the perforation tips and loaded boundaries. However, it is 

observed that damage is not always accumulated starting at the loading boundary: in the second 

scenario where the domain is small, plastic strain is accumulated not immediately next to the loading 

boundary; in the first and the third scenarios, plastic strain accumulates and develops from the 

loading boundaries. 
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