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ABSTRACT

This study establishes a numerical simulation method for modeling the dynamic response of porous
rocks under high strain-rate impacts and verifies its robustness, accuracy, and reproducibility. A sys-
tematic investigation was conducted to evaluate the effects of four pore structure parameters—porosity,
pore size, aspect ratio, and orientation angle—on the dynamic response of rocks. The results indicate
that increasing porosity significantly reduces normalized strength (onorm), dynamic Young's modulus
(Eq), and energy dissipation density (Uy), with the degree of weakening influenced by pore geometry. A
greater aspect ratio difference leads to higher Uy, suggesting that more flattened pores promote complex
fracture development and energy dissipation. Furthermore, the study reveals a coupled mechanism
between pore structure and impact loading characteristics: Porosity exerts the most significant control
on the rock's impact response under different stress-wave loading conditions, whereas the effects of
pore shape and size are comparatively secondary. For strength weakening, non-optimal loading periods
(T = 200 or 800 ps) are recommended to avoid the strengthening effect observed at T = 400 ps to
improve energy efficiency, the optimal loading period should be selected based on porosity. When
porosity is less than 3%, applying an impact stress wave with an amplitude 12 times the rock matrix
strength achieves an optimal balance between strength reduction and energy efficiency; when porosity
exceeds 5%, an amplitude of 6 times the matrix strength yields superior energy utilization. The findings
propose a porosity-driven impact loading design strategy, providing theoretical and quantitative
guidance for field-scale engineering applications.
© 2026 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).

1. Introduction

ation, propagation, and coalescence of microcracks, thereby
controlling macroscopic strength, stiffness, and damage evolution

During long-term geological evolution, rocks are subjected to
various processes including sedimentation, metamorphism,
weathering, and tectonic stresses, resulting in the development of
intricate and multiscale networks of pores and fractures (Kranz,
1983). The spatial distribution, size variability, and morpholog-
ical characteristics of these pores significantly influence the initi-
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trends. Numerous studies have established a strong negative cor-
relation between porosity and rock strength, which has been
widely used to predict compressive strength and Young's modulus
(Pan et al., 2023; Li et al., 2024; Xiao et al., 2025). However, it is
increasingly evident that porosity and average pore size alone are
insufficient to fully characterize the mechanical behavior governed
by complex microstructures. Both experimental and numerical
findings indicate that rocks with similar porosities but different
pore sizes exhibit distinct stiffness and failure modes (Zhao et al.,
2024). And the microstructural heterogeneity and fluid saturation
exert a synergistic influence on the acoustic-elastic behavior of
tight sandstones (Pang et al, 2024). To enhance the
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microstructural description, the pore aspect ratio has been intro-
duced as a key geometric parameter. Queiroz et al. (2025) pro-
posed an effective method for estimating equivalent aspect ratios,
significantly improving the accuracy of mechanical property pre-
dictions. Studies have demonstrated that increasing pore aspect
ratio (i.e., flatter pores) reduces elastic modulus and facilitates
crack initiation, especially under dynamic and saturated condi-
tions (Bubeck et al., 2017; Hu et al., 2023). Furthermore, Zhao et al.
(2022) utilized fractal dimensions to quantify morphological ir-
regularity and found strong nonlinear effects on shear and tensile
strength.

Although extensive efforts have explored the influence of pore
structures on static mechanical properties, the understanding of
their role under high strain-rate dynamic loading remains limited.
Most existing studies have focused on low strain-rate conditions,
failing to capture the distinctive mechanisms activated during
rapid loading scenarios, such as those encountered in drilling,
blasting, hydraulic fracturing, and other impact-prone engineering
settings (Wang et al., 2021; Zou et al., 2023; Li et al., 2024). Under
dynamic loading, stress wave propagation and superposition lead
to different failure patterns and energy dissipation behaviors
compared to quasi-static conditions (Wang et al., 2020; Zhou et al.,
2020). Therefore, it is critical to elucidate the role of pore geometry
in the dynamic mechanical behavior of rocks to enhance engi-
neering safety and optimization. Split Hopkinson pressure bar
(SHPB) techniques have been widely employed to investigate this
topic, confirming that pore and fracture features play a pivotal role
in dynamic response. High-porosity rocks tend to exhibit severe
fragmentation and energy dissipation under dynamic loading,
leading to reduced strength and unstable stress wave transmission
(Hu et al., 2022; Stopka et al., 2024). Variations in crack length and
spatial distribution alter crack propagation pathways, resulting in
multi-peak stress patterns and diverse failure modes (Kim and
Changani, 2016; Song et al.,, 2022; Du et al., 2023). The interplay
between porosity and saturation also significantly affects Young's
modulus and peak stress (Chen et al., 2024). However, precise
quantification of the effects of specific pore geometries—such as
pore size, aspect ratio, and orientation—on dynamic response
remains underexplored.

Since the current limitations in quantitatively understanding
how pore structure affects the dynamic mechanical response of
rocks, the development of novel approaches for simulating and
analyzing the mechanical behavior of porous rocks is of critical
importance. Due to the inherent heterogeneity of natural pore
distributions (Liu and Huang, 2021; Zambrano et al., 2021; Yao
et al., 2023; Sulieman et al., 2024; Hu et al., 2025), conventional
experimental approaches face significant challenges in establish-
ing clear quantitative relationships between pore geometry and
mechanical behavior. On the one hand, natural rocks exhibit
multiscale porosity, ranging from micron-sized capillaries to
millimeter-scale fractures, with highly irregular spatial distribu-
tions, making it difficult to independently control and reproduce
geometric parameters during experiments. Although some studies
have attempted to investigate local responses using artificial
notches or embedded flaws (Li et al., 2017, 2018; Asadi et al., 2023;
Pan et al., 2023; Zou et al., 2023), these researches fail to capture
the authentic geometry and spatial coupling of natural pore sys-
tems, limiting their applicability in multi-parameter sensitivity
analyses. On the other hand, under realistic loading conditions,
rock failure involves complex dynamic evolution of por-
es—including closure, expansion, and coalescence—governed by
the interplay of stress state, loading rate, and pore connectivity.
This complexity is exacerbated under high strain rate loading,
where pore structures significantly disturb stress wave propaga-
tion and damage accumulation. Yet, existing experimental
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techniques remain limited in capturing microscale damage initi-
ation and crack evolution paths (Rodriguez and Celestino, 2019;
Du et al,, 2020; He et al., 2020; Yang et al., 2020). Accordingly,
there is a compelling need to employ digital rock physics and
numerical modeling approaches that enable the construction of
idealized or image-based porous models with controlled boundary
and material conditions, while maintaining statistical represen-
tativeness and decoupling key geometric parameters.

In numerical modeling and digital rock-based studies, a
fundamental prerequisite is the establishment of a well-structured
pore parameterization framework that enables the decoupled
control of key variables. On the one hand, this requires accurate
geometric characterization of pore attributes, such as pore size,
aspect ratio, orientation, and spatial distribution (Fredrich, 1999).
On the other hand, it is essential to ensure the independent
tunability of individual variables to isolate and quantify their
respective influences. Currently, common modeling approaches
include CT-based reconstruction (Yun et al., 2013; Jiang et al., 2019;
Jani et al., 2023; Lang et al.,, 2024; Pang et al., 2025), voronoi
packing models (Gao and Stead, 2014; Liu et al., 2017, 2018; Wang
et al,, 2021), random field models (Ostoja-Starzewski, 1998; Chen
et al, 2019), and image-based pore network modeling
(Sadeghnejad and Gostick, 2020). These methods have achieved
notable progress in replicating pore-scale heterogeneity, fracture
networks, and multiscale pore systems. However, most existing
approaches face challenges in simultaneously preserving struc-
tural realism and achieving effective decoupling of key pore pa-
rameters, thereby limiting their applicability in mechanism
exploration and sensitivity analyses.

To overcome the aforementioned limitations, this study in-
troduces a meso-structural reconstruction technique originally
developed for concrete modeling into the field of porous rock
modeling. A controllable pore generation algorithm was devel-
oped, enabling the adjustment of porosity, pore size, aspect ratio,
and orientation angle. Based on this algorithm, SHPB-based nu-
merical simulation models were established to investigate rock
behavior under high strain-rate loading conditions. A systematic
analysis was conducted to explore the influence of pore geometric
parameters—including porosity, pore size, aspect ratio, and ori-
entation—on dynamic compressive strength, dynamic Young's
modulus, and energy dissipation characteristics. The underlying
mechanisms were further elucidated through analyses of crack
propagation patterns and failure morphology. In addition, the
study examined the effects of stress wave amplitude and loading
period on the dynamic response of rocks. This work proposes a
novel numerical strategy for investigating the mechanical
behavior of porous rocks and provides theoretical insights into
rock response mechanisms in petroleum drilling and mining en-
gineering applications.

2. Development of the FEM models of the specimen with
parameterized pore structures

Natural rocks contain highly irregular pores. Micro-CT obser-
vations show pore shapes spanning from near-spherical to flat-
tened ellipsoids, and both pore-shape anisotropy and orientation
exert strong control on strength and failure. Therefore, porosity
alone is insufficient; pore geometry must be characterized using
aspect ratios and orientation. Following prior analytical and nu-
merical evidence that ellipsoidal aspect ratio and orientation
govern stress concentration and effective moduli, each pore is
idealized as an ellipsoid defined by semi-axes a, b, c aspect ratios b/
a and c/a, and Euler angles (a, 8, y). Pore shape is quantified by (b/a,
c/a), covering a continuous spectrum from general ellipsoids
(0.5 < bja <1.0,0.5 < c/a < 1.0) to disk-like pores (b/a > 0.8, c/a <
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0.3) and needle-like pores (b/a = c/a < 0.3). This parameterization
decouples shape from orientation and provides a compact, phys-
ically interpretable control of pore geometry.

For modeling simplicity, we assume: (i) pores are ideal ellip-
soids; (ii) pore centers (xo, yo, Zo) and orientations are uniformly
distributed, whereas the major axis a and aspect ratios b/a and c/a
follow normal distributions around prescribed means; and (iii)
pores are dry, mutually independent, and non-interconnected. The
position of a point P (xp, yp, zp) relative to an ellipsoid is evaluated
using the implicit quadratic form f (xp yp zp), which can be
determined by Eq. (1): f > 0 indicates P is outside, f = 0 on the
surface, and f < 0 inside. This point-ellipsoid representation sup-
ports interference checking, minimum-distance evaluation, and

element assignment during finite-element preprocessing,
ensuring robust mesh generation.
f(xp.yp.zp) = XABA'X" — 1 (1)

where, X = (Xp—Xg, Yp—Yo, Zp—20), B = diag(1/a?, 1/b% 1/c®),where q,
b, c are the long semi-axis, the middle semi-axis and the short
semi-axis of the ellipsoid, respectively; A is a 3 x 3 matrix related
to the nutation angle «, the precession angle g and the spin angle y
of the ellipsoid. Fig. 1 illustrates how pore shape is controlled via
the aspect ratio. Matrix A can be calculated by:

A=A, xAs x A, (2)

cosa sina 0 100
where, A, = | —sina cosa 0|, Az = |0 cosg sing |, A, =
001 0 —sinp cosp

{cos;/ siny 0 }
—siny cosy O
001

Based on the above assumptions, a parameterized workflow
was developed to construct porous rock specimens (Fig. 2). The
procedure includes three steps: (i) randomly generate ellipsoidal
pores within a cylindrical domain and record each pore's center
coordinates, size parameters, and Euler angles; (ii) implement an
element-mapping routine in LS-DYNA to classify each element as
matrix or pore according to the stored pore geometry; and (iii)
remove elements assigned to the pore space, yielding a porous
FEM model with prescribed geometric descriptors.

Sphere Ellipsoid Disk
a
bla=1.0 bla=1.0 bla=1.0 bla=1.0
‘90,5 cla=1.0 cla=0.8 cla=0.4 cla=0.2
bla=0.8 bla=0.8 bla=0.8
cla=0.8 cla=04 cla=0.2
S
(4
bla=0.4 bla=0.4
cla=04 cla=0.2
<@
°
/
Y% b4
% bla=cla=0.2

Fig. 1. Shape catalogue of ellipsoidal pores parameterized by aspect ratios b/a and c/a.
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The pore-generation algorithm takes the cylinder geometry (R,
h), target porosity ¢, admissible ranges of (a, b/a, c/a), and the
corresponding distribution functions as inputs. Candidate ellip-
soids are sampled sequentially from the prescribed distributions
and accumulated until the target ¢ is reached. Each candidate is
first subjected to a boundary-avoidance check based on the
criteria: (/X3 +y3 <R—a and |z|<h2- a, followed by a
pore—pore non-overlap test. Accepted pores are stored as (xo, Yo,
20), (a, B, v), and (a, b, c¢) for subsequent mesh mapping.

A practical limitation is that the boundary constraint is defined
using the maximum semi-axis and therefore does not explicitly
account for pore orientation. In a limiting configuration (e.g., the
shortest axis aligned radially near the lateral wall), this may pro-
duce a thin pore-scarce rim. However, since pore orientations are
sampled from uniform distributions, only a small fraction of pores
approach such unfavorable boundary alignments, and the result-
ing porosity reduction in the edge zone is generally much smaller
than the theoretical upper bound.

Under random orientation, non-connectivity, and non-overlap
constraints, the attainable upper bound of porosity decreases
with decreasing aspect ratio. For a fixed a = 0.25 mm, near-
spherical ellipsoids (b/a 0.8, cla 0.8) typically allow

¢max ~ 30%-40%, disk-like pores (bja = 0.8, c/a = 0.2) allow
@max ~ 20%-25%, and needle-like pores (b/a = c/a = 0.2) allow
@max ~ 8%-10%. To control the mismatch Ay between the pre-

scribed porosity ¢o and the realized porosity ¢ after
meshing—particularly for low-aspect-ratio pores where dis-
cretization effects are more pronounced—an initial mesh test was
performed by prescribing @9 = 1%, and measuring ¢;. The pre-
scribed porosity for other target levels was then calibrated using
Eq. (3), ensuring that ¢, closely matches the design value.

20
Pr1

®o=1% x (3)

A representative example is shown in Fig. 3. The major semi-
axis a and aspect ratios b/a and c/a are independently sampled
from truncated normal distributions. The empirical histograms
and normal fits (Fig. 3(b)-(d)) agree well with the prescribed dis-
tributions, indicating that the generator reliably reproduces the
intended first-order statistics under geometric and non-overlap
constraints.

Finally, because dense, randomly distributed ellipsoids create
complex pore-solid interfaces that hinder body-fitted meshing, a
structured hexahedral mesh is generated for the pore-free cylinder
first, and pores are introduced by element mapping (Fig. 2(c)).
Specifically, the pre-generated node/element lists and the stored
pore set—(xo, Yo, Zo), (@, B, v), and (a, b, c¢) are imported, and the
inclusion function is evaluated for each element center against all
ellipsoids. Elements whose centers fall inside any ellipsoid are
classified as pore elements and removed, producing the final
porous specimen model.

3. FEM modeling of the SHPB system
3.1. The working principle of the SHPB system

The working principle of the SHPB system is illustrated in Fig. 4.
The apparatus consists of a striker bar, an incident bar, and a
transmission bar, with the specimen sandwiched between the
incident and transmission bars. When the striker impacts the
incident bar, a compressive stress pulse is generated and propa-
gates along the bar at the wave velocity. Upon reaching the
interface between the incident bar and the specimen, part of the
pulse is transmitted through the specimen into the transmission
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L)

Algorithm for generating
ellipsoids in cylindrical space

v

The specimen shape parameters (radius R, height h), porosity

¢, The value ranges of a, c/a and b/a

[ FEM mesh mapping method ‘

v

Pore volume V,/V < p NO
YES

v v

‘ Delete elements in the pore region }

v

Xo, Yo, Zo, ¢, v, 0 are generated
based on a random distribution

a, bla, and c/a are generated based
on a normal distribution

( B

Cylindrical specimen model with
randomly distributed ellipsoidal pores

NO

Ellipsoid interference check

YES

The ellipsoid temporary information without
interference is stored

Save the xq, Yo, 2o, ¢, v, 0, @, band ¢
of each ellipsoid

Fig. 2. The construction process of FEM model for porous specimens. (a) Construction process of cylindrical specimens with pores. (b) Algorithm for generating ellipsoids in

cylindrical space. (¢) Specimen models before and after meshing.

bar, while the remaining portion is reflected back into the incident
bar (Zhang and Zhao, 2014).

Building on this operating principle, we developed a finite-
element representation of the SHPB system as followed. The
SHPB finite-element model (Fig. 4) explicitly represents a coaxial
incident bar-porous rock specimen-transmission bar configura-
tion in LS-DYNA and is solved using 3D explicit central-difference
time integration. The incident bar has length Lj; = 5000 mm and
radius R, = 50 mm; the cylindrical specimen has length
Ls =50 mm and radius R = 50 mm; the transmission bar has length
Lty = 3500 mm and radius Rt = 50 mm. The two bars are modeled
as linear-elastic solids with material constants (Ee, ve, pe); the rock
specimen contains randomly distributed ellipsoidal pores gener-
ated as described in Section 2 to match prescribed porosity and
aspect-ratio statistics. All parts use 3D reduced-integration solid
elements with *HOURGLASS control; the element size is selected
according to the mesh-independence study in Section 3.3.
Bar-specimen interfaces employ AUTOMATIC_SURFACE_TO_SUR-
FACE contact with a Coulomb friction coefficient of x = 0.3. A half-
sine axial pulse with reference period T = 400 ps is applied at the
free end of the incident bar; trial analyses indicate a peak ampli-
tude about 13 times the intrinsic rock strength, producing frag-
mentation over the porosity range 0-20%. The pulse parameters
used here and in Section 4 are referenced to this baseline, and the
amplitude ratios discussed in Section 5 are defined relative to the
same baseline amplitude. The far end of the transmission bar is
assigned a non-reflecting boundary to suppress end reflections.
The time step is governed by *CONTROL_TIMESTEP under the CFL
stability criterion (no mass scaling), and energy components
together with hourglass energy are monitored to ensure numerical
fidelity. Output is written via *DATABASE for full-field stress,
strain, and damage; virtual strain-gauge nodes are placed at the
midpoints of both bars to record strain histories, from which the
normalized strength (oporm), energy dissipation density (Uy), and
energy-dissipation ratio (yy) are evaluated.

According to the fundamental principles of one-dimensional
elastic wave theory, the stress o(t), the strain £(t) and the strain
rate &(t) of the specimen are time-dependent and determined by
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Egs. (4)-(6), respectively (Kim and Changani, 2016; Li et al., 2018;
Song et al., 2022; Du et al., 2023).

o(t) = [o1(8) — or(6) + or(D]Ae / (245) (4)
t

= [ ln(®)+ ox(0) ~ or(o)dr / peCels (5)

() = [o1(€) + or(£) — o1()] / peCels (6)

where, C is the wave velocity of the elastic wave in the bar, m/s; pe
is the density of the elastic bar, kg/m?; Ls is the length of the
specimens, m; o((t), or(t), or(t) represent the incident stress, re-
flected stress, and transmitted stress at a given time t, respectively,
MPa; A., As represent the cross-sectional areas of the elastic bar
and the specimen, respectively, m?.

The normalized dynamic strength (oporm) Was defined as Eq.
(7), which could quantitatively characterize the impact dynamic
strength of rocks with different pore structures.
Onorm = 0'd4pore/5diin (7)
where, odpore is the dynamic uniaxial strength of the porous
specimen, MPa; o4, is the dynamic uniaxial strength of the non-
porous specimen, MPa. The energy dissipation density (Uy) was
defined to quantitatively characterize the energy dissipation effi-
ciency during specimen failure, which can be calculated by:

Uy =Us/Vs (8)
where, V; is the apparent volume of the specimen, m>; U is the
total energy dissipated during the specimen failure process, J,
which can be calculated by:

Us=U; - Ur — Ur 9)
where Uy, Ug, Ut are the incident energy, the reflected energy, and
the transmitted energy. The calculation method for the relevant
parameters is described in Stopka et al. (2024).
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Fig. 3. Stochastic generation of ellipsoidal pores. (a) 3D cylindrical specimen with randomly distributed ellipsoidal pores. (b-d) Probability density functions (PDFs) of the

sampled a, b/a, and c/a, respectively.

L, = 5000 mm (R, = 50 mm)
A

Ls =50 mm (R =50 mm) L+ = 3500 mm (Ry, = 50 mm)

A

Ol —p
Incident
wave

-V,

-

OR or

VRe

Incident bar v (Per Ce, Ac)

(ps: Cs, AS) N Transmission bar

Fig. 4. Schematic diagram of the finite element model of the SHPB system (after Li et al., 2018).

3.2. Material parameter settings for the SHPB modelling

Based on the working principle of the SHPB, a FEM model of the
SHPB system was constructed, with the geometric dimensions
shown in Fig. 4. To simplify the model and accurately control the
magnitude of the impact load, the striker bar was omitted, and the
incident load was directly applied to the end face of the incident
bar. A harmonic wave was used as the incident load. By recording
the axial strain of elements located at the midpoints of the inci-
dent and transmission bars, the elastic waves in both bars can be
obtained.
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A linear elastic constitutive model was employed to describe
the mechanical behavior of the bars, with a Young's modulus of
210 GPa, a Poisson's ratio of 0.2, and a density of 7.85 g/cm?>. For the
rock specimen, the built-in RHT (Riedel-Hiermaier-Thoma)
constitutive model in LS-DYNA was adopted. This model accounts
for strain rate effects under moderate to high strain rate conditions
and incorporates a comprehensive damage evolution mechanism.
It captures the material's plastic deformation, tensile failure, and
compressive failure characteristics, making it particularly well-
suited for simulating damage accumulation under dynamic
loading conditions. Xie et al. (2017) determined the RHT model
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parameters for granite through a series of uniaxial and triaxial
experiments, achieving excellent agreement between the model
predictions and experimental results. This parameter set has been
validated in various impact and blasting simulations, demon-
strating high stability and reliability. Therefore, the RHT parameter
set listed in Table 1 is adopted in this study.

3.3. Validation of the FEM model

To ensure that the resluts of the SHPB numerical simulation
accurately captures the mechanical behavior of materials under
dynamic loading the stress equilibrium assessment, the mesh in-
dependence analysis, and reproducibility evaluation. As shown in
Fig. 5(a), the superimposed waveform closely matches the trend of
the transmission wave, indicating that the model satisfies the
stress equilibrium condition. Fig. 5(b) presents the stress—strain
curves of the specimen under different element sizes. It is
observed that when the element size is smaller than 0.08 mm, the
simulation results demonstrate good convergence. Therefore, an
element size of 0.07 mm was selected in this study to balance
computational accuracy and efficiency. Fig. 5(c) shows that the
simulated dynamic stress—strain curve of granite agrees well with
the experimental results reported by Yang S.Q. et al. (2023), con-
firming the reliability of the proposed model. Both the simulation
and experiment exhibit similar linear responses during the elastic
stage, with a simulated peak stress of approximately 160 MPa,
which is close to the experimental value of about 170 MPa (the
strength error is less than 7%). Distinct yielding and softening
behaviors are observed in both cases. The simulated curve appears
slightly smoother, mainly because the pore and crack distributions
in the model are idealized and do not fully capture the stochastic
nature of local failure.

To evaluate the reproducibility of the simulation results, five
groups of specimen models were generated at porosity levels of
3%, 6%, and 9%, respectively, based on the pore structure param-
eters listed in Table 2. The dynamic compressive strength (oq),
Young's modulus (Eq), and energy dissipation density (Uy) of these
models were analyzed. As shown in Fig. 5(d), all three mechanical
indicators exhibit a decreasing trend with increasing porosity. At
porosity levels above 6%, the coefficients of variation (CV) are
generally low, indicating good reproducibility. Specifically, the CV
of 64 and Uy, remain within 0.2%-3%, while that of Eq is slightly

Table 1

RHT constitutive model parameters of the specimen model (Xie et al., 2017).
Material parameters Value
Density 2.66 g-.cm™3
Shear modulus 21.9 GPa
Parameter for polynomial EOS By 1.22
Parameter for polynomial EOS By 1.22
Parameter for polynomial EOS T; 0.257
Parameter for polynomial EOS T, 0
Failure surface parameter A 2.44
Failure surface parameter N 0.76
Compressive strength 167.8 MPa
Relative shear strength 0.21
Relative tensile strength 0.04
Lode angle dependence factor 0.68
Lode angle dependence factor 0.05
Compressive yield surface parameter 0.53
Tensile yield surface parameter 0.7
Hugoniot polynomial coefficient A4 0.257
Hugoniot polynomial coefficient A, 0.3784
Hugoniot polynomial coefficient A3 0.2129
Residual surface parameter A¢ 0.25
Residual surface parameter N¢ 0.62
Break tensile strain rate 3.000e+19
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higher, ranging from 3% to 8%, suggesting slightly lower consis-
tency in stiffness measurements. Overall, specimens with higher
porosity exhibit smaller fluctuations due to the larger number and
more uniform distribution of pores. Extensive field measurements
and laboratory tests indicate that the matrix porosity of carbonates
typically falls within 3%-10% (Ng and Santamarina, 2023). Setting
the study window at 6%-9% aligns well with this practical range
and ensures numerical stability, thereby enabling a systematic
elucidation of how pore geometry affects dynamic strength and
energy metrics, and directly informing the optimization of impact
loading parameters for drilling in carbonate formations.

4. Effect of pore parameters on dynamic mechanical
behavior

In this study, four sets of numerical simulations (Groups A-D)
were configured to isolate, respectively, the effects of porosity,
pore size, pore aspect ratio, and pore orientation angle; this design
enables a systematic single-parameter assessment, thereby
quantifying each pore parameter's contribution to the dynamic
mechanical response of rocks.

Group A simulations were designed to investigate the effect of
porosity. Three representative pore shapes were consid-
ered—ellipsoidal, disk-shaped, and needle-shaped—corresponding
to aspect ratio combinations of 0.75/0.75, 0.75/0.2, and 0.2/0.2,
respectively. The prescribed porosity range for these pore geometries
was set from 1% to 27% for ellipsoidal pores, 1% to 21% for disk-shaped
pores, and 1% to 9% for needle-shaped pores.

Group B investigates pore-size effects by varying the major
semi-axis a. On the one hand, matrix pores in carbonate rocks
typically range from tens to hundreds of micrometers; thus
a = 0.15 mm and a = 0.45 mm span a representative interval from
large matrix pores to small macropores. On the other hand, the
two sizes differ by a factor of three provides sufficient contrast to
assess the sensitivity of onorm, Uy, and 5y to pore size. Therefore,
a = 045 mm and a = 0.15 mm were selected as representative
sizes. This setup may increase stochastic scatter, particularly for
a = 0.45 mm where the pore count is lower; to enhance statistical
robustness, five independent specimens were generated for each
pore-size condition, and the arithmetic mean was used for com-
parison to mitigate randomness-induced bias. Group C focuses on
the aspect ratio effect of ellipsoidal pores in three-dimensional
space. To quantify pore geometry, this study introduces the sum
of aspect ratios (S;s) and the difference of aspect ratios (Dgs),
defined by Egs. (10) and (11). These two parameters jointly
describe pore shape characteristics: S;s reflects the overall elon-
gation of the two pores, while D,s captures the degree of asym-
metry between them. When Sy is large and D, is small, the pores
tend to be similarly elongated and more elliptical, whereas a
moderate S;s with a large D,s suggests that at least one pore is
notably flatter, indicating greater shape anisotropy. Specifically,
values of b/a = 0.2, 0.4, and 0.6 were defined, and for each case, c/a
was gradually increased from the value of b/a to 0.8 to evaluate the
influence of both aspect ratios on mechanical behavior. This design
enables decoupled analysis of the bidirectional aspect ratio effects.

b c
b ¢
Dasza*a (11)

Group D examines the coupling effect between pore orientation
angle and pore shape. Six different aspect ratio combinations were
used. Among them, Groups D-1 to D-4 represent ellipsoidal and
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Uy at 3%, 6%, and 9% porosities.

Table 2

Pore parameter setting for repeatability verification.
Parameter Mean Variance Max. Min.
a 0.25 0.1 0.35 0.15
(bja) 0.75 0.1 0.9 0.6
(c/a) 0.75 0.1 0.9 0.6

needle-shaped pores with b/a = c/a, while Groups D-5 and D-6
correspond to disk-shaped pores with b/a # c/a. The pore orien-
tation angle was varied from 0° to 90° to simulate the influence of
the orientation of the pore’s major axis relative to the loading di-
rection on the mechanical response.

Table 3 provides detailed pore structure parameter settings for
all simulation groups. Through this series of numerical simula-
tions, the independent and coupled effects of porosity, pore size,
pore shape, and orientation angle on the dynamic response of
rocks were systematically investigated under conditions where
pore structure parameters were carefully decoupled.

4.1. Effect of porosity on dynamic mechanical behavior

Fig. 6 illustrates the relationships between porosity and three
key dynamic mechanical parameters—onorm, Eq and Uy—for rock
specimens with three different pore shapes: ellipsoidal, disk-
shaped, and needle-shaped. The results show that oporm de-
creases with increasing porosity across all pore types. This decline
is more pronounced for specimens with ellipsoidal and disk-
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shaped pores, reaching approximately 0.75, whereas specimens
with needle-shaped pores exhibit a relatively smaller reduction,
stabilizing around 0.83. A similar trend is observed for E4, with
values decreasing from approximately 18 to 10-12 GPa in ellip-
soidal and disk-shaped specimens, while the reduction is less
significant in the presence of needle-shaped pores.

Fig. 6(c) shows that U, decreases with increasing porosity for
specimens with all pore shapes, although the rate of decrease
varies depending on poreshape. Specimens with ellipsoidal and
disk-shaped pores exhibit a relatively smooth decline in U,,
whereas those with needle-shaped pores show a more pro-
nounced reduction. This may be attributed to the enhanced con-
nectivity between fractures along short paths in high-porosity
specimens with needle-shaped pores, which reduces the energy
required for crack propagation and thus significantly lowers U,.
Although the number of ellipsoidal pores is smaller than that of
disk-shaped pores, their U, values remain consistently lower,
suggesting that the fracture evolution process is governed not only
by pore shape but also by other microscale factors.

Overall, the increase in porosity reduces the compressive
strength, stiffness, and energy dissipation during failure in rocks.
Among the different pore shapes, increases in the porosity of
ellipsoidal and disk-shaped pores have a more pronounced effect
on strength and elastic modulus, whereas increases in the porosity
of needle-shaped pores have a more significant impact on the
energy dissipated during failure.

Fig. 7 illustrates the distinct differences in damage evolution
among ellipsoidal pore specimens with porosities of 0.73%, 4.60%,
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Table 3

Pore parameter setting of each group of specimens.
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Decoupling parameters Group Pore parameters
@0, % a, mm bla cla 0,°
Porosity Al [1:2:27] %! 0.25(0.2,0.3) *? 0.75 (0.6, 0.9) 0.75 (0.6, 0.9) U (0°, 180°)*3
A2 [1:2: 27] 0.25 (0.2, 0.3) 0.75 (0.6, 0.9) 0.2 (0.15, 0.25) U (0°, 180°)
A3 [1:2:27] 0.25(0.2,0.3) 0.2 (0.15, 0.25) 0.2 (0.15, 0.25) U (0°, 180°)
Pore size B1 9 0.15, 0.45 0.5 (0.2,0.8) 0.5 (0.2, 0.8) U (0°, 180°)
Aspect ratio C1 6 0.25 (0.2, 0.3) 0.2 0.2,0.4,0.6,0.8 U (0°, 180°)
C2 6 0.25 (0.2, 0.3) 0.4 04, 0.6, 0.8 U (0°, 180°)
c3 6 0.25 (0.2, 0.3) 0.6 0.6, 0.8 U (0°, 180°)
Orientation D1 8 0.25 (0.2, 0.3) 0.2 (0.15, 0.25) 0.2 (0.15, 0.25) [0°: 15°: 90°]
D2 8 0.25 (0.2, 0.3) 0.4 (0.35, 0.45) 0.4 (0.35, 0.45) [0°: 15°: 90°]
D3 8 0.25(0.2,0.3) 0.6 (0.55, 0.65) 0.6 (0.55, 0.65) [0°: 15°: 90°]
D4 8 0.25 (0.2, 0.3) 0.8 (0.75, 0.85) 0.8 (0.75, 0.85) [0°: 15°: 90°]
D5 8 0.25 (0.2, 0.3) 0.2 (0.15, 0.25) 0.8 (0.75, 0.85) [0°: 15°: 90°]
D6 8 0.25(0.2,0.3) 0.4 (0.35, 0.45) 0.6 (0.55, 0.65) [0°: 15°: 90°]
1 Parameters in [min: step: max] specify the range: minimum, increment, and maximum.
2 Parameters in x (max, min) specify an ecologically distributed random variable: mean, maximum, and minimum, with variance fixed at 0.1 in this study.
"3 ‘U (0°, 180°) denotes the uniform random distribution of ¢ over the interval of 0° to 180°.
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Fig. 6. Porosity effects for different pore shapes under dynamic loading. (a—€) onorm, Eq, Uy for specimens with ellipsoidal, disk-shaped, and needle-shaped pores, respectively.

and 8.26% under identical impact loading. At the early stage of
impact (1000 ps), damage first initiates at the pore edges and
propagates along the loading direction. The selection of 1000 ps as
the early-stage time point corresponds approximately to the
arrival time of the incident stress wave at the specimen, which can

be estimated by t, = L,/ Em/p[ ~ 968 ps, where Lj, = 5 mis the
n

length of the incident bar. Ej, and py, are the Young's modulus and
the density of the incident bar, respectively, which were shown in
Section 3.3. This confirms that 1000 ps effectively captures the
onset of stress transfer from the bar to the specimen. Additionally,
the damage distribution outside the pore regions is non-uniform,
with more severe damage observed near the specimen end faces.
This indicates that under high loading rates, stress transmission
along the specimen axis is uneven.

As the stress wave propagates (1040 ps), the damage extent in the
low-porosity specimen is relatively limited, and does not develop into
a large-scale failure zone. In contrast, the high-porosity specimen
exhibits increasingly interconnected internal damage, forming a
pronounced damage band near the specimen end face. The thickness
of this damage band increases with porosity, indicating a reduction in
load-bearing capacity in the end regions. This phenomenon explains
the observed decrease in Eq with increasing porosity shown in
Fig. 6(b). Moreover, the overall intensification of damage provides a
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mechanistic explanation for the reduction in specimen strength with
increasing porosity, as presented in Fig. 6(a).

At the late stage of impact loading (1070 ps), all specimens
exhibit macroscopic failure characteristics. The specimen with 1%
porosity primarily develops axial and transverse cracks, which
remain relatively isolated from each other. In the 5% porosity
specimen, inclined cracks begin to appear, whereas the 9% porosity
specimen develops a dense and irregular network of inter-
connected cracks. The evolution of crack morphology indicates
that, under low-porosity conditions, fractures tend to remain
confined to local regions around isolated pores. In contrast, high-
porosity specimens more readily facilitate crack coalescence be-
tween adjacent pores, leading to the formation of a continuous
macroscopic failure network. This finding is consistent with the
results reported by Sun et al. (2025). It is worth noting that the
pores constructed in Section 2.1 are entirely isolated internal
structures that do not intersect with the specimen's external
boundaries. Therefore, for cracks to be observed on the specimen
surface, they must evolve progressively from internal damage
zones toward the exterior. In other words, the visible surface
cracks can be regarded as the external manifestation of internal
damage evolution induced by pore interactions. In high-porosity
specimens, the increased density of internal pores enhances the
likelihood of crack bridging between neighboring voids, eventually



Z.-Z. Wang, W.-S. Zhang, Y.-B. Zang et al.

A1-1 (¢, = 0.73%) Crack

Damage
1.00
0.92
0.83
End face damage
accumulation zone 075 -
A1-3 (¢, = 4.60%)
é 067 -
0.58
0.50
0.42
0.33
End face damage
accumulation zone 0.25
0.17
-
: 0.08
% 9. 0

1040 ps 1070 ps

Fig. 7. Damage evolution of specimens with different porosities.

forming a more connected fracture network with lower
complexity of crack paths. As crack paths become shorter and
propagation resistance diminishes, the connectivity of damage
zones is significantly improved. This reduction in crack develop-
ment and extension energy explains the decreasing trend of U,
with increasing porosity, as observed in Fig. 6(c).

4.2. Effect of pore size on dynamic mechanical behavior

Fig. 8 illustrates the influence of pore size on the dynamic
mechanical behavior of rocks. It is observed that as the pore size
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Fig. 8. Effect of pore size on mechanical response and energy dissipation of speci-
mens. Normalized peak stress onorm, dynamic Young's modulus Eq4, and energy
dissipation density U, versus a.
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increases, onorm Of the specimens decreases significantly. Speci-
mens with smaller pores exhibit higher impact resistance,
whereas those with larger pores demonstrate considerably
reduced load-bearing capacity. This suggests that larger pores
weaken the overall structural integrity of the material under
impact loading. These findings stand in marked contrast to the
numerical simulations under quasi-static conditions reported by
Fakhimi and Gharahbagh (2011), which suggested that, at a con-
stant porosity, specimens with larger pores tend to exhibit higher
macroscopic Young's modulus and compressive strength, as well
as greater variability in mechanical properties.

This discrepancy arises primarily from the fundamentally
different loading modes and dominant failure mechanisms. Under
quasi-static loading, failure is mainly governed by tensile crack
propagation, where larger pores contribute to a more robust load-
bearing skeleton that delays crack growth and enhances macro-
scopic strength. In contrast, under the high-strain-rate impact
simulations conducted in this study, failure is more strongly
influenced by localized strain-rate-driven crushing and shear
mechanisms, with stress concentrations around the pores
becoming a critical factor. This distinction is further supported by
the damage evolution process shown in Fig. 9.

In the initial loading stage (1000 ps), damage initiates around
the pore edges in all specimens, with the large-pore specimens
exhibiting a more extensive initial damage zone, indicating more
severe localized stress concentrations. Notably, during SHPB
impact loading, end-face regions often experience early damage
accumulation due to the combined effects of rapid stress wave rise
time, frictional constraints, and wave impedance mismatch,
leading to what is known as the “end effect” (Hao et al., 2013; Yang
Y. et al., 2023). This effect increases the non-uniformity of damage
distribution and significantly affects subsequent wave reflection,
stress trapping, and stiffness responses.

As the stress wave propagates through the specimen (1040 ps),
the small-pore specimens develop thick damage accumulation
zones near the top and bottom ends. In contrast, large-pore
specimens, due to their relatively sparse end-face pore structure,
experience more constrained deformation in these regions,
resulting in narrower damage bands. These end-face structural
differences significantly influence wave reflection behavior. The
dense pore distribution at the ends of small-pore specimens pro-
motes local wave overlapping and stress retention, leading to
higher Eq4, whereas the stiffness of large-pore specimens remains
relatively low.
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In the later stage (1050 ps), the densely distributed pores in
small-pore specimens facilitate multiple pathways for crack
initiation and coalescence, resulting in shorter crack propagation
paths, faster fracture penetration, and lower U,. Conversely, the
crack paths in large-pore specimens are longer and more tortuous,
resulting in higher fracture resistance and greater energy dissi-
pation, despite fewer total cracks.

4.3. Effect of pore aspect ratio on dynamic mechanical behavior

Fig. 10 illustrates the influence of different pore aspect ratio
combinations on the dynamic mechanical properties of rock
specimens. The results indicate that oporm decreases significantly
with increasing D, suggesting that the flatter the pore shape, the
more pronounced its weakening effect on rock strength. This trend
is consistently observed both within groups (e.g., in Group Cl1,
onorm decreases from 0.815 to 0.78) and across groups (e.g., com-
parisons among C3-2, C2-3, and C1-4), revealing that D, plays a
more critical role in determining rock strength than their absolute
values. Previous relative study (Griffiths et al., 2017) based on two-
dimensional models have demonstrated that variations in pore
aspect ratio can alter the distribution of stress concentration and
the fracture propagation path, thereby affecting the strength,
elastic modulus, and damage evolution behavior of rocks. How-
ever, these studies neglect the synergistic influence between two
distinct aspect ratios of pores in three-dimensional space, which
may play a critical role in modulating mechanical responses. This
finding addresses the limitations of two-dimensional models that
consider only a single aspect ratio and further explains the more
significant strength reduction observed in disk-shaped pore
specimens, as discussed in Section 4.1.

In contrast to strength, Eq generally exhibits an increasing trend
with the growing difference between the two aspect ratios. This
pattern is particularly evident in Groups C1 and C3. However,
Group C2 and several individual specimens (e.g., C1-4, C3-2, and
C2-3) show certain fluctuations, which may be attributed to the
relatively high coefficient of variation in the simulation of Eq.

Fig. 10(c) presents the effect of aspect ratio difference on Ui.
Overall, Uy increases with increasing aspect ratio difference—for
example, in Group C1, Uy rises from 4.3 x 10 to 5.1 x 107 J/m?>. This
trend is primarily attributed to the fact that, under constant
porosity, reducing the aspect ratio in one direction decreases the
volume of individual pores while increasing their number and
spatial density. As a result, crack propagation paths are shortened
and energy dissipation is enhanced. However, in specimens with b/
a = 0.2 (e.g, C1-2 and C1-3), U, shows an abnormal increase,
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suggesting that disk-shaped pores may induce more complex
crack networks, thereby leading to higher energy dissipation.

To verify the hypothesis that disk-shaped pores can lead to an
increase in U,, a series of numerical simulations was conducted,
referred to as Group E. To eliminate the influence of differences in
porosity and pore number on the results, the specimens in Group E
were designed to ensure approximately consistency in actual
porosity and pore count between the two pore types—disk-shaped
and ellipsoidal pores. The specific procedure was as follows: a
disk-shaped pore specimen (b/a = 0.8, c/a = 0.2) was first con-
structed with a prescribed porosity of 7%. After mesh generation,
¢ of the disk-shaped pore specimen is approximately 7.5%, with
the number of pores ranging from 1044 to 1076, as illustrated in
Fig. 11. When both the porosity and pore number of the
ellipsoidal-pore specimen are simultaneously higher or lower than
those of the disk-shaped specimen, the prescribed porosity is
adjusted accordingly. Following this adjustment, two scenarios
may occur: (1) If the porosity reaches or exceeds that of the disk-
shaped specimen but the number of pores remains lower, the pore
aspect ratio of the ellipsoidal pores is slightly decreased. (2)
Conversely, if the number of pores reaches or exceeds that of the
disk-shaped specimen but the porosity remains lower, the pore
aspect ratio is increased. This iterative process is repeated until the
actual porosity and pore count of the ellipsoidal-pore specimen
become approximately equal to those of the disk-shaped spec-
imen. The final parameters selected were b/a = c/a = 0.54 with a
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Fig. 10. Effect of pore aspect ratios on mechanical response and energy dissipation. (a) enorm; (b) Eq; (€) Uy versus c/a for bja = 0.2,0.4, 0.6.
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prescribed porosity of 5.85%, under which the actual porosity and
pore count matched those of the disk-shaped specimen. Three
specimens were generated for each pore type (E1-1,E1-2,and E1-3
for disk-shaped pores; E2-1, E2-2, and E2-3 for ellipsoidal pores).

Fig. 11 presents the actual porosity (¢;), pore number (N), and
corresponding Uy values for all six specimens, along with a com-
parison of the average U, between the two groups. The results
indicate that, under identical porosity and pore number condi-
tions, the average U, of the disk-shaped pore specimens is
3.74 x 107 J/m3, which is approximately 6% higher than that of the
ellipsoidal pore specimens (3.53 x 107 J/m?). This result confirms
that disk-shaped pore structures lead to higher energy dissipation
during dynamic failure.

Fig. 12 illustrates the damage evolution at various stages of
impact loading for specimens with different pore aspect ratios. At
the early stage of impact (1000 ps), the end-face damage in
specimen C1-1 is more densely distributed, whereas it is relatively
sparse in specimen C1-4. This is because a higher aspect ratio (as in
C1-4) corresponds to larger individual pore volumes and fewer
total pores, resulting in a lower pore density near the end face.
Consequently, there are fewer stress concentration points and
fewer initial damage zones. Therefore, specimen C1-1 is more
prone to developing widespread initial damage.

As the stress wave propagates (1040 ps), the damage accumu-
lation layer at the end face of C1-4 thickens significantly, further
confirming its inferior structural capacity. These observations
demonstrate that an increase in the difference between pore
aspect ratios leads to a reduction in overall specimen strength,
which is consistent with the trend shown in Fig. 10(a), where
strength decreases with increasing aspect ratio difference.

At the later stage of impact (1060 ps), the complexity of crack
paths within specimen C1-4 is noticeably larger than that of C1-1,
with more densely developed surface cracks. In specimen C1-1,
cracks primarily propagate along the axial direction, with occa-
sional oblique connections. In contrast, specimen C1-4 exhibits a
complex crack network composed of interwoven axial and
circumferential fractures. Although C1-4 contains fewer pores,
cracks are more likely to coalesce between pores, forming a more
intricate fracture network and thereby enhancing energy dissipa-
tion. This suggests that disk-shaped pores are more prone to
triggering complex crack systems during failure, leading to greater
energy consumption. This observation explains the increasing

Cracks

End face damage

accumulation zone ~ Network cracks

1060 ps

Fig. 12. Damage evolution of specimens with different aspect ratios.
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trend of U, with aspect ratio difference observed in specimens
from both Groups C1 and E1.

4.4. Effect of pore orientation angle on dynamic mechanical
behavior

The angle between the loading direction and the plane formed
by the pore's major and minor axes is defined as the pore orien-
tation angle () (refer to the schematic diagram on the right side of
Fig. 13). Fig. 13 shows the variation in oporm With @ under different
pore aspect ratios. As shown in Fig. 13, oporm generally decreases
with increasing 0, and the trends differ depending on the aspect
ratio configuration. When b/a = c/a, the variation of onorm is rela-
tively small. Moreover, the larger the aspect ratio, the weaker the
influence of 6 on oporm, indicating a reduced stress concentration
response. For example, when b/a = 0.8, oporm remains nearly
constant with increasing 6, suggesting that under high aspect ratio
conditions, the effect of 8 on oporm is minimal.

In contrast, when b/a # c/a, the effect of  on oporm becomes
more pronounced. As illustrated by the purple and yellow curves,
onorm decreases significantly from approximately 0.84 to 0.5 as ¢
increases from 0° to 90°. Notably, at § = 0°, specimens D5-1 and
D6-1 exhibit higher oporm compared to those in Groups D2-D4;
however, their strength declines rapidly with increasing 6. This
indicates that while disk-shaped pore specimens possess higher
load-bearing capacity at small orientation angles, they are more
sensitive to variations in #. In summary, ¢ influences the strength
by regulating the degree of local stress concentration, and its effect
is strongly dependent on pore geometry: disk-shaped pores
exhibit higher sensitivity to 6, whereas pores with high aspect
ratios are less affected.

Fig. 14 illustrates the effect of different 9 on the damage evo-
lution process of rock specimens under impact loading, under
conditions of high aspect ratio difference (b/a = 0.8, c/a = 0.2). At
the early stage of impact (1000 ps), initial damage in all specimens
is concentrated around pores near the specimen end face. For
specimens with small orientation angles, damage is primarily
confined to the tips of the disk-shaped pores and remains limited
in extent. However, as ¢ increases to 60° and above, distinct
agglomerate damage zones begin to develop around the pores. By
1040 ps, damage in low 6 specimens remains relatively sparse and
extends mainly along the loading direction, while high ¢ speci-
mens exhibit a denser, interwoven network of axial and transverse
damage structures. This evolution indicates that under high pore
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Fig. 14. Damage evolution of specimens with different 6.

aspect ratio conditions, low @ pores maintain stronger stress-
bearing capacity. In contrast, increasing ¢ significantly weakens
the surrounding material, facilitating damage initiation and
accumulation, which ultimately leads to a reduction in strength.
At the later stage of impact (1070 ps), pronounced macroscopic
cracks develop in the specimens, with crack shape exhibiting
distinct characteristics depending on 6. At @ = 0°, cracks propagate
along both the loading direction and its perpendicular direction. At
6 = 30° and 60°, inclined through-cracks appear and increase in
length. At & = 90°, cracks become denser but are primarily
composed of short, oblique fractures. These results indicate that
pore orientation angle significantly influences the rock's fracture
mode under impact loading. Specifically, high-orientation pores
are more likely to trigger multidirectional cracking, thereby
compromising the overall structural integrity of the rock mass.

4.5. Correlation analysis of pore structure parameters with
dynamic mechanical responses

In order to quantitatively characterize the influence of factors
such as porosity, pore size, pore distribution density, and pore
aspect ratio on the rock mechanical properties, a correlation
analysis was conducted between the various pore parameters and
the rock dynamic mechanical parameters. It is important to note
that the results of the D-group numerical simulations show a
strong correlation between onorm and 6, while no significant cor-
relation was observed between U, or Eq and 4. To minimize the
interference of the D-group results on the correlation analysis, the
pore orientation angle was excluded from the analysis, and the
dataset was constructed based solely on the numerical simulation
results from the A, B, C, and E groups, with ¢ randomly distributed.
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It is worth emphasizing that although ¢ was not explicitly included
in the correlation analysis, it still exerts a notable influence on the
dynamic mechanical response of rocks. As illustrated in Fig. 13,
exhibits a coupled relationship with pore shape. When pores
become more flattened, local stress concentration intensifies,
thereby amplifying the sensitivity of rock strength to pore
orientation.

In constructing the dataset, ¢, was used to represent the
specimen's porosity, the semi-major axis length a was used to
represent the pore size, and pore count N was used to represent
the specimen's pore distribution density. The sum of pore aspect
ratios (S,s) and the difference of pore aspect ratios (D,s) were used
to characterize the pore aspect ratio. For variables assumed to
follow a normal distribution, only the mean was considered, and
the differences in maximum values, minimum values, and variance
were neglected.

Based on the dataset, the Pearson correlation coefficient,
Spearman correlation coefficient, and Kendall correlation coef-
ficient were calculated to assess the relationships between
porosity (¢;), pore size (a), pore count (N), and the pore aspect
ratio parameters (S;s and D,s) with onorm, Eq, and Uy. Fig. 15
presents the results of the correlation analysis. In all three fig-
ures, the correlation coefficients for ¢ are the largest, indicating
that porosity has the most significant influence on the three
dynamic mechanical parameters. The absolute values of the
correlation coefficients for oporm and Uy are both greater than
0.7, suggesting a strong correlation between oporm and Uy with
porosity. This result aligns with static mechanical studies, which
show that porosity is the most significant pore parameter
influencing rock mechanics.

From Fig. 15(a), it can be observed that all five pore parameters
exhibit a negative correlation with oporm, consistent with previous
numerical simulation results. Apart from porosity, a and D, have
relatively large correlation coefficients with absolute values close
to 0.4, indicating that pore size and the difference in pore aspect
ratios significantly influence specimen strength. Among these, D,
represents the flattening degree of pores, meaning that the larger
D,s is, the flatter the pores become. The correlation coefficient for
D,s is greater than that for S, indicating that changes in the dif-
ference in pore aspect ratios have a more significant effect on
specimen strength compared to changes in pore aspect ratios. This
also suggests that flattened pores have a more pronounced
weakening effect on rock strength.

From Fig. 15(b), it can be seen that, apart from porosity, both a
and N exhibit a positive correlation with Eq, with the correlation
result for a being consistent with the findings in Fig. 8. It should be
noted that both increased a and decreased porosity lead to a
reduction in N, so in this case, N and E4 should exhibit a negative
correlation, which contradicts the result shown in Fig. 15(b). The
reason for this contradiction could be the high randomness of the
E4 simulation results. The large coefficient of variation in the Eq
values in Fig. 5(b) may explain this discrepancy.

Fig. 15(c) showed that, apart from porosity, a and D,s exhibit a
negative correlation with U,, while N and S,s show a positive corre-
lation with U,. Notably, the absolute values of the correlation co-
efficients for a, Uy, and S, are all less than 0.3, indicating a relatively
weak correlation between these three factors and Uy. In contrast, Das
shows a stronger correlation, which to some extent validates the
conclusion that more flattened pores lead to a larger U..

5. Dynamic mechanical response of specimens under the
coupled influence of pore structure and impact parameters

The mechanical responses of specimens with different pore
structure parameters were systematically investigated under
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impact stress waves of varying amplitude and period. For conve-
nient comparison and quantitative analysis of stress wave ampli-
tudes under different loading conditions, the normalized impact
stress wave amplitude (Aporm) is defined in this study as the ratio
of the stress wave amplitude (simpact) to the uniaxial compressive
strength (o4i,) of the matrix of porous rock specimens, i.e.,

Anorm = % The wave periods were defined as 200 ps (5000 Hz,

high-frequency impact), 400 ps (2500 Hz, medium-frequency
impact), and 800 ps (1250 Hz, also medium-frequency impact),
with 400 ps being the reference period used in prior simulations.
In this study, the characteristic frequency of the incident impact
wave denotes the frequency intrinsic to a single impact waveform,
determined by its temporal features (e.g., impact period and rise
time), whereas the operating frequency of a rotary-percussive
downhole tool in drilling is the number of repeated impacts per
unit time, corresponding to an intermittent sequence of impacts;
the two are conceptually and operationally distinct. Systematically
examining specimen responses across different incident-wave
characteristic frequencies elucidates how the loading time struc-
ture governs strength, damage evolution, and energy utilization,
and provides quantitative guidance for optimizing pulse width and
striking rhythm in impact drilling, thereby improving rock-
breaking efficiency.

Since U, typically increases with the incident wave energy,
comparisons across different loading amplitudes or specimen
volumes may obscure differences in energy-use efficiency. To
address this, the energy-dissipation ratio was defined as 5y, which
quantifies the fraction of incident energy consumed by irreversible
damage and fracture. During drilling operations, a higher 5y in-
dicates that more impact work is converted into crack propagation
and cuttings generation rather than elastic rebound, reflection, or
radiative losses, thereby better reflecting rock-breaking efficiency;
this is consistent with the field concept of mechanical specific
energy (yy) be calculated by:

ny = Uy /Wi, x 100% (12)
where W, represents the incident wave energy. In the present
numerical simulation, stress is directly applied to the end face of
the incident bar. Under this loading method, the incident energy is
equal to the energy carried by the incident wave within the inci-

dent bar. Eq. (12) is adopted as Eq. (13) in this study.
ny = Uy /U x 100% (13)

Based on the findings presented in Section 4, porosity, pore size,
and pore shape exert significant influences on the strength and

energy dissipation behavior of rocks. Therefore, this chapter further
investigates the effects of these three pore parameters on the me-
chanical response of rocks under different impact wave periods and
stress wave amplitudes. The analysis is conducted using the spec-
imen models developed in Section 3. To investigate different influ-
encing factors on rock mechanical behavior, three specimens from
Group A1l are selected to assess the effect of porosity; three speci-
mens each from Groups B1 and B2 are used to evaluate the impact
of pore size; and specimens from Groups E1 and E2 are utilized to
study the effect of pore shape. A comprehensive summary of the
parameter configurations is provided in Table 4.

5.1. Dynamic mechanical response of specimens under the coupled
influence of pore structure and impact stress wave period

As shown in Fig. 16(a), for specimens at all porosity levels, onorm
reaches its maximum at T = 400 ps; this rule likewise holds for
different pore sizes (Fig. 16(b)) and different pore shapes
(Fig. 16(c)). Uy increases with T, and the difference in U, among
periods is largest at a porosity of around 5%, where the maximum
Uy exceeds about 3.5 x 107 J/cm>. This indicates that at 5% porosity
the sensitivity of U, to T is the strongest, whereas this sensitivity
decreases markedly when ¢; > 5%. The optimum and trend of 5y
with respect to T are also porosity-dependent: when ¢ < 5%, nu
shows a slow overall increase with T; as porosity increases, the
period corresponding to the peak #y gradually shifts toward
T = 400 ps, and at high porosity the 5y at T = 800 ps becomes the
lowest among the three periods. For specimens with different pore
sizes and shapes, the trends of U, (Fig. 16(b)) and 5y (Fig. 16(c))
versus T are similar and their variation amplitudes are close;
therefore, pore size and shape have almost no effect on the trends
of strength, Uy, and 5y with T. In contrast, different porosities lead
to pronounced differences in the trends of U, and 5y with T.

Accordingly, when optimizing the characteristic frequency of
drilling impact waves, the primary controlling pore parameter to
consider is porosity. If the optimization objective is to reduce
strength to facilitate rock breaking under a fixed impact ampli-
tude, it is recommended to use characteristic periods of T = 200
and 800 ps and avoid T = 400 ps. If the optimization objective is to
improve energy-use efficiency, the impact-wave period can be
selected according to formation porosity. For the rock corre-
sponding to this numerical study, when the porosity is less than
5%, a period of T = 800 ps or even longer may be used; when the
porosity is greater than 5%, a period of T = 800 ps can be used to
pursue the maximum rock-breaking efficiency and drilling energy
utilization.
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Table 4
Setting of impact parameters.

Pore Specimen number Impact parameters
parameters
Porosity Al-1, A1-2, A1-3, A1-4, A1-5 (T = 200, 400, 800 ps;
Anorm = 6)
Porosity Al1-1, A1-2, A1-3, A1-4, A1-5 (T = 200 ps;
Anorm = 6, 12, 18)
Pore size B1-1, B1-2, B1-3, B2-1, B2-2, B2-3 (T = 200, 400, 800 ps;
Anorm = 6)
Pore size B1-1, B1-2, B1-3, B2-1, B2-2, B2-3 (T = 200 ps;
Anorm = 6, 12, 18)
Pore shape E1-1, E1-2, E1-3, E2-1, E2-2, E2-3 (T = 200, 400, 800 ps;
Anorm = 6)
Pore shape E1-1, E1-2, E1-3, E2-1, E2-2, E2-3 (T = 200 ps;

Anorm = 6, 12, ]8)

5.2. Dynamic mechanical response of specimens under the coupled
influence of pore structure and amplitude of the impact stress wave

As shown in Fig. 17, under the three impact-amplitude ratios
Anorm = 6, 12, 18, the normalized peak stress oporm increases
markedly with increasing Anorm; this trend holds across different
porosities (Fig. 17(a)), pore sizes (Fig. 17(b)), and pore shapes
(Fig.17(c)). However, the increment in oporm diminishes as porosity
increases.

Petroleum Science 23 (2026) 3334-3350

The energy dissipation density U, increases with Aporm, with its
maximum occurring at Aporm = 18 for all cases. The growth of Uy,
becomes smaller as porosity rises, and is largest at ¢ ~ 1%, where
Uy is about 1.5 x 107 J/cm®. This indicates that the sensitivity of Uy
to Anorm is porosity dependent. The optimum and trend of ny with
respect to Aporm are likewise porosity dependent: when ¢y < 3%, nu
attains its maximum at Aperm = 6; when ¢ > 5%, nu decreases
noticeably with increasing Aporm, and this decreasing trend be-
comes more pronounced as porosity increases. For specimens with
different pore sizes and shapes, the U, (Fig. 17(b)) and 5y
(Fig. 17(c)) curves versus Aporm exhibit similar trends and compa-
rable magnitudes; therefore, pore size and shape have little in-
fluence on the Aporm dependence of strength, Uy, and ny. The
porosity-dependent variation in 5y is mainly governed by pore-
controlled stress-wave propagation and energy dissipation. With
increasing porosity, the rock matrix becomes less compact and
contains more voids, which enhances stress-wave scattering,
reflection, and attenuation during transmission. Consequently,
high-porosity specimens exhibit a lower transmitted-wave in-
tensity and a shorter effective transmission stage, implying easier
strain localization and earlier microcrack initiation that disrupt
continuous energy transfer. By contrast, low-porosity specimens
retain a denser, more stable load-bearing framework, allowing
stress waves to propagate with slower attenuation and enabling a
larger fraction of the input energy to be transmitted and utilized in
driving macroscopic failure.
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As shown in Fig. 7, the difference in accumulated damage at
1040 us among specimens with varying porosities further supports
this mechanism. From an energy perspective, excessive incident
energy in highly porous rocks tends to dissipate through non-
destructive mechanisms such as pore collapse, microcrack exten-
sion, and internal frictional loss, leading to a reduction in s5y.
Therefore, as porosity increases, adopting lower incident ener-
gy—i.e.,, a smaller Aporm and shorter T—is more effective in
enhancing »y. This mechanism reasonably explains the results in
Figs. 16 and 17, where both the optimal stress-wave period and
amplitude corresponding to maximum 7y decrease with
increasing porosity.

Accordingly, impact wave amplitude optimization should treat
porosity as the primary controlling parameter. For the rock type
considered here, when porosity is less than 3% a recommended
choice is Aporm = 12; when porosity is larger than 5%, reducing to
Anorm = 6 can simultaneously yield a lower oporm and a higher #y,
thereby improving both rock-breaking efficiency and energy

utilization.

6. Conclusion

This study establishes a parameterized modeling approach for
porous rocks and develops a numerical simulation framework for
split Hopkinson pressure bar (SHPB) tests under high strain-rate
conditions to investigate the influence of pore structure on the
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dynamic mechanical response of rocks. Validation results
demonstrate that the proposed method accurately reproduces the
mechanical behavior of rocks under impact loading and effectively
captures the damage evolution mechanisms governed by pore
structures.

Based on this framework, a systematic investigation was con-
ducted to examine the effects of four key pore parameters—porosity,
pore size, aspect ratio, and orientation angle—on rock impact per-
formance. The results indicate that porosity is the dominant factor
controlling the dynamic mechanical response of rocks. Larger pore
sizes tend to reduce rock strength but enhance energy storage ca-
pacity, while greater aspect ratio differences lead to more complex
crack networks and increased energy dissipation. In particular, disk-
shaped pores exhibit a pronounced synergistic effect between aspect
ratio and orientation angle ¢, indicating that pore geometry and
orientation jointly regulate stress response behavior.

A further analysis indicates that porosity is the dominant factor
governing impact load optimization. When the objective is to
weaken rock strength, a loading period of 200 ps can be adopted;
when aiming to maximize energy utilization efficiency, the
loading period should be adjusted according to the porosity of the
formation. In terms of amplitude selection, low-porosity forma-
tions are better suited to higher amplitudes (Anorm = 12), whereas
high-porosity formations require lower amplitudes (Aporm = 6) to
achieve a balance between strength reduction and energy
efficiency.
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