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Abstract:

Stress-wave stimulation offers a promising strategy for enhancing permeability in deep
reservoir rocks, yet the governing mechanisms and influences of loading characteristics
remain poorly understood. To address this shortcoming, in this study, controllable stress
waves were applied to green sandstone specimens using a modified triaxial split Hopkinson
pressure bar system under coupled hydraulic-mechanical loading conditions. Three dis-
tinct energy-input modes, including progressively increasing, constant, and progressively
decreasing, were designed to deliver identical total energy through seven impacts. In-
situ permeability was measured after each impact, and the corresponding dynamic
response was analyzed to clarify the mechanisms of permeability evolution. The results
showed that stress wave loading substantially enhances permeability, while the evolution
trend strongly depends on the energy-input patterns and coupled hydraulic-mechanical
conditions. Moreover, energy-constant loadings produce the most pronounced and sustained
permeability growth, whereas energy-decreasing loadings yield sharp early increases
followed by reductions due to compaction. Energy-increasing loading leads to delayed
permeability enhancement, governed by the eventual onset of macro failure. Hydraulic
pressure promotes permeability by facilitating fracture extension, while confining pressure
inhibits crack propagation. The mechanical response parameters such as peak stress, peak
strain and dissipated energy cannot consistently reflect permeability evolution due to their
dependence on instantaneous loading. In contrast, residual deformation correlates strongly
with permeability across different loading modes, serving as a reliable indicator of damage-
induced fluid transport. This work clarifies the role of energy-input patterns in enhancing
permeability and provides guidance for optimizing stress wave stimulation strategies in
deep geo-energy recovery.

1. Introduction

Enhancing the permeability of deep reservoir rocks through
external stimulation is essential for improving resource ex-
traction efficiency (Lei et al., 2016; Ranjith et al., 2017;
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Jiang et al., 2024). Among the available techniques, stress
wave loading has attracted growing interest due to its wide
applicability and economic advantages (Mullakaev et al., 2015;
Fan et al., 2024). However, the effectiveness of this approach
inherently depends on loading characteristics, and the govern-
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ing mechanisms remain insufficiently understood. Thus, iden-
tifying the key factors that govern permeability enhancement
under stress-wave loading is critical for optimizing loading
parameters and improving implementation strategies.

Previous investigations into permeability enhancement in-
duced by directional stress waves have employed diverse load-
ing techniques, with particular emphasis on parameters such as
impact energy and frequency. Beyond these parametric effects,
the broader evolution of this research field has been shaped
by fundamental distinctions in stress wave generation methods
and the role of the hydraulic condition. One major category
of studies utilize high-voltage electrical discharges in water to
generate shock waves, with early experiments on cylindrical
mortar specimens revealing a permeability threshold beyond
which enhancement becomes pronounced and positively cor-
relates with shock count (Maurel et al., 2010). Subsequent
modifications, such as initiating discharges within a central
borehole, have demonstrated that the threshold amplitude in-
creases with confining pressure, and they further established an
exponential relationship between permeability evolution and
loading cycles in coal samples (Chen et al., 2012; Zhao, 2022).
Other variants of this approach, including electrical exploding
wires for unplugging applications as well as the combination
of discharge-induced wave loading with hydraulic fracturing,
have confirmed that intrinsic permeability is jointly governed
by injection pressure and confinement (Wang et al., 2021a;
Duan et al., 2024) However, in these studies, water functions
solely as a wave propagation medium and the influence of hy-
draulic conditions is not intrinsically incorporated, complicat-
ing mechanistic interpretation. To examine the evolution of in-
trinsic permeability caused by stress wave loading, researchers
employed a split Hopkinson pressure bar (SHPB) to apply
loads to specimens. This impact-based method generates stress
waves in a more direct manner, thus eliminating the need for
water. Early SHPB-based studies reported monotonic increases
in both porosity and permeability with higher loading cycles
and wave amplitudes in rock specimens (Yan et al., 2018;
Jiang et al., 2019). To further elucidate the hydraulic effects,
Zhao (2022) and Chen et al. (2024) successively modified the
triaxial SHPB system by incorporating a hydraulic loading
cell and facilitating a complete seepage channel. Wang et
al. (2025¢c) subsequently employed this enhanced system to
investigate the permeability enhancement of repeated stress
waves under varying coupled hydraulic-mechanical (CHM)
pressures, and they proposed a theoretical model describing
the increasing-decreasing-stabilizing trend over a wide loading
range.

Given the demonstrated dependence of permeability on
both impact amplitude and loading cycles, the pattern of en-
ergy input, i.e., the amplitude order in cyclic loading, emerges
as a comprehensive representation factor governing crack evo-
lution and fluid transportation. Previous studies have examined
permeability changes under controlled cyclic loading modes,
including monotonic increases (Zhang et al., 2020; Sheng et
al., 2021; Xu et al., 2025), constant-amplitude cycles (Kluge et
al., 2021; Wang et al., 2025a; Wen et al., 2025), and sequential
increase-decrease schemes (Zhou et al., 2020; Kozhevnikov et
al., 2024a; Kozhevnikov et al., 2024b). These efforts revealed

distinct permeability evolution behaviors associated with the
timing (stress state) and degree of damage accumulation (Liu
and Dai, 2021). However, it should be noted that existing
studies are limited to quasi-static conditions, where loading
is applied continuously and deformation develops gradually;
the dynamic response of the material and the change of
pore pressure cannot be incorporated into these analyses. In
contrast, Wang et al. (2025¢) have revealed certain trends in
stress wave loading under the CHM condition. Nevertheless,
systematic research on the influence of the energy input pattern
itself, specifically the amplitude sequence, remains lacking.

To bridge this knowledge gap, this study utilizes the
modified triaxial SHPB system to achieve controllable stress
wave loading under varying CHM pressures. Seven impacts
with consistent total energy input in energy-increasing, energy-
constant, and energy-decreasing loading modes were con-
ducted on green sandstone specimens. The inherent perme-
ability of rock was measured in-situ after each impact and
the corresponding dynamic response was derived to explore
the damage evolution. The variations in permeability evolution
between different loading modes and the connection between
permeability and dynamic response were discussed. This work
aims to elucidate the influence of energy input pattern on the
permeability enhancing effect, providing novel insights for the
stress wave loading design.

2. Material and methodology

2.1 Specimen processing

The specimen utilized in this study was processed from
a raw block quarried from Southwest China. The mineral
composition was tested using the electron probe micro analysis
technique, with the results shown in Fig. 1. The study was
conducted in accordance with the methodology outlined by the
International Society for Rock Mechanics and Rock Engineer-
ing for the assessment of dynamic properties of rock materials
(Zhou et al., 2012). A series of cylinders with a diameter
of 50 mm were cored from the parent block at an identical
orientation. Then, the cores were cut into a length of 50 mm
(slender ratio = 1.0). To ensure efficient water injection and
wave propagation, the cylinder ends were precision-ground to
a flatness with a 0.02 mm tolerance and a perpendicularity
within 0.001 rad relative to the axis. The processed specimen
was also shown in Fig. 1. All specimens were saturated
using the vacuum saturation method and immersed in distilled
water prior to testing. This process consists of a 24-hour
air extraction phase followed by a 48-hour water injection
phase, which minimizes the influence of preferential flow paths
and seepage time-dependency. In addition, the porosity of
the specimens was further determined by nuclear magnetic
resonance and some basic mechanical and physical parameters
were pre-tested for reference, as listed in Table 1. It is worth
pointing out that specimens with obvious defects or strange
wave velocity values were excluded.

2.2 Experimental apparatus and principles

To conduct CHM loading, the modified triaxial SHPB
system was employed (Chen et al., 2024; Wang et al., 2025c;
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Fig. 1. (a)-(b) Prepared specimens, (c) resulting image of electron probe microscopic analysis, and (d) mineral component of

the rock.
Table 1. Physical and mechanical parameters of the sandstone specimen.
Density P-wave Uniaxial compressive  Brazilian tensile ~ Young’s Poisson’s Porosity
(kg/m3) velocity (m/s) strength (MPa) strength (MPa) modulus (GPa) ratio (-) (%)
2,330 3,500 40.0 5.4 8.5 0.3 12

Wang et al., 2026). As illustrated in Fig. 2, the system primar-
ily consists of a conventional SHPB configuration to realize
stress wave loading, a confining loading unit to stimulate geo-
stress, and a hydraulic loading unit to introduce a fluid field.
Specifically, the basic SHPB includes a 50 mm diameter bar
system comprising a striker, an incident bar, and a transmitted
bar, all of which are constructed from high-strength maraging
steel and feature a Young’s modulus of 211 GPa and a P-
wave velocity of 5,280 m/s. The launching device component,
namely the air gun, can drive the striker to impact the incident
bar to generate a stress wave by releasing the pressured air
within 0.2 s. The stress wave is sensed by two pairs of strain
gauges glued symmetrically on the incident and transmitted
bars, respectively. These gauges form part of Wheatstone
bridge circuits that convert the mechanical strain into electrical
signals, which are subsequently amplified by a dynamic signal
conditioner and recorded on a four-channel digital oscillo-
scope. To facilitate the stress equilibrium within the specimen,
a C1100 copper disc is attached to the impact end as a
pulse shaper (Wang et al., 2021b). The reflected compressive
wave is converted into a tensile wave using a momentum trap
technique to prevent multiple stress wave loading after each
impact (Xia et al., 2008). The confining loading unit features

a cylindrical vessel that surrounds the specimen to provide
radial pressure, complemented by a piston-flange mechanism
at the distal ends of the incident and transmitted bars for axial
loading. Both pressure components are applied independently
via a hydraulic system, with a maximum capacity of 100 MPa
(Xu et al., 2024). The hydraulic loading unit comprises: (1) A
dual-mode servo-controlled device capable of regulating both
flow and pressure within 0.02 s, much longer than the duration
of stress length to avoid overcompensation; (2) a connecting
rod with a I mm diameter water channel and a circumferential
groove at the specimen-contacting end to ensure uniform water
distribution; and (3) an interconnected stainless-steel tube
with the inner diameter of 1 mm. To establish a complete
axial seepage channel, the incident bar was modified in a
manner consistent with the connecting rod configuration at
the specimen interface (cf. enlarged view of Fig. 2).

Prior to loading, two rubber rings were respectively
equipped on the incident and transmitted bars, between
which the saturated specimen is sandwiched coaxially. As
shown in Fig. 3(a), a heat shrunk tube was wrapped on the
rings and heat-contracted to completely isolate the specimen
(Zhao, 2022; Wu et al., 2025). After that, the confining vessel
was closed and filled with oil. The radial and axial pressures
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Fig. 3. (a) Rock specimen assembly and (b) determination of

were then applied synchronously to the desired value, simu-
lating a hydrostatic stress state (03). Subsequently, the water
was injected into the specimen from the transmitted end to
reach a specific pressure, while the incident end remained
exposed to the ambient atmosphere. A hydraulic pressure (AP)
driving the axial water flow was thus established across the
specimen under the differential water pressure between its two
ends. It should be noted that, to prevent water leakage and
maintain positive effective confining pressure, the hydraulic
pressure was set below the confinement value (AP < 63). After
the water injection entered into a phase of stable seepage,
i.e., stable water-injecting pressure and velocity, dynamic
loading was performed with precise control. After each impact,
the permeability of the specimen was measured under the
consistent hydraulic and confining pressure following the re-
stability of the water seepage. Assuming the water seepage
within the specimen as a type of pipe seepage, the corre-
sponding Reynolds number can be determined to fall within
the laminar flow range, as reported in our previous work
(Wang et al., 2025c). Then, the Darcy’s law applies, and the
in-situ permeability can be derived from the water-injecting
information (Wang et al., 2025c):

VNS/.Llo

1
APA, 6]
where ky represents the specimen permeability (md) after the

kn =

Time (s)

permeability from water injection information.

N™ impact; S is the cross-sectional area (m?) of the loading
piston in the hydraulic loading device; Vi denotes the velocity
(m/s) of the loading lever which can be determined from its
displacement history, as shown in Fig. 3(b); Ag and [y are the
original cross-sectional area (m?) and length of the specimen
(m), respectively; u refers to the viscosity coefficient (Pa-s)
of water.

2.3 Stress wave loading of different energy input
modes

In accordance with the principles of the one-dimensional
wave theory, the amplitude of the stress wave is determined by
the impact velocity and the pulse width is related to the length
of the striker. The generation of stress waves with variable
energies is enabled through the modulation of air pressure
within the gas gun. In this study, the stress wave loading is
characterized by the input energy, quantified as the integral of
the incident bar’s stress-strain curve (Wang et al., 2025¢):

(©))

where W; denotes the energ;) (J) carried by the incident stress
wave; E and A are the Young’s modulus (Pa) and cross-
sectional area (m) of the bar, respectively; & represents the
incident strain history (-), co denotes the wave velocity (m/s),

t
W; = / EAcoe?dt
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Fig. 4. (a) Impact design and (b) determination of stress equilibrium.

Table 2. Scheme of impact test.

Hydrostatic Hydraulic

Launch air

Total

Test ID
pressure pressure pressure Energy attern
(MPa) (MPa) (psi) input (J) p

6-18 (inc) 5-inc-x
5 1,2,3,4 12 (con) ~1,800 5-con-x
18-6 (dec) 5-dec-x
9-21 (inc) 10-inc-x
1,3,5,7,
10 9 15 (con) ~2,500 10-con-x
21-9 (dec) 10-con-x
12-24 (inc) 15-inc-x
105 1,3,5,7,
9,11, 13 18 (con) ~3,200 15-con-x
24-12 (dec) 15-dec-x

Notes: 1 psi = 6.895 kPa; “inc”, “con”, and “dec” represent
increasing, constant, and decreasing, respectively; the symbol
“x” in Test ID denotes the hydraulic pressure value.

t is the wave duration (s) and 7 is the time interval (s).
Preliminary experiments have determined that a copper disc
measuring 9 mm in diameter and 1.5 mm in thickness is
to be utilized for pulse shaping. Under each CHM loading
condition, the specimen is subjected to seven instances of
stress wave loading, with progressively increasing, constant,
and decreasing energy, as illustrated in Fig. 4(a). Across the
three energy input modes, the total input energy from the seven
impacts remains constant under identical hydrostatic confining
pressures. The experimental design is detailed in Table 2.
Each test is numbered as a combination of the hydrostatic
confinement, energy input mode, and hydraulic pressure. For
example, 10-inc-5 indicates that the specimen is subjected to
seven impact loads with progressively increasing energy at a
confining pressure of 10 MPa and a hydraulic pressure of 5
MPa.

Furthermore, the stress equilibrium within the specimen
was confirmed in every loading as required by the standard
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Fig. 5. Initial permeability under different coupled hydraulic-
mechanical loading conditions.

testing method to obtain the material dynamic response (Zhou
et al., 2012). According to the one-dimensional stress wave
theory, the forces subjected on the specimen ends can be
calculated as (Wang et al., 2025b):

FI=FA(g+¢&) 3)

F, =FEAg (G))

where F| and F> are the force (N) applied on the incident and

transmitted ends of the specimen; & and & represent the strain

history (-) corresponding to the reflected and transmitted wave,

respectively. A typical stress history is presented in Fig. 4(b),

exhibiting a close alignment of the dynamic forces on both

specimen ends (i.e., F] = F3), indicating that the inertia effect

can be neglected and the dynamic property determination is
available.

3. Experimental results

3.1 Initial permeability

Prior to the stress wave loading, the initial permeability of
the specimen was derived from water-injection measurements,
as shown in Fig. 5. Owing to the inherent microcracks and pore
connectivity within the rock matrix, the initial permeability
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Fig. 6. Evolution of permeability after stress wave loading under (a)-(c) energy-increasing, (d)-(f) energy-constant, and (g)-(i)

energy-decreasing mode.

remains finite rather than zero. Although the pore structures
of natural rocks inevitably vary, the initial permeability values
under identical CHM conditions exhibit minimal dispersion.
This consistency verifies the homogeneity of the specimens
and supports the reliability of the subsequent analysis of stress-
wave effects. With increasing hydrostatic pressure, the initial
permeability decreases proportionally because the seepage
channels become compressed under confinement (Ning et
al., 2022; Yu et al., 2022; Ghasemi et al., 2024). In contrast, an
increasing hydraulic pressure produces an approximately lin-
ear increase in initial permeability. This behavior can be partly
attributed to the elevated pore water pressure, which lowers the
effective confining pressure on the rock skeleton and weakens
the confinement-induced crack closure (Zhao, 2022). Addi-
tionally, the greater pressure difference across the specimen
establishes a stronger pore-pressure gradient along the flow
path, and the resulting water wedge force elevates the stress
intensity factor at crack tips, promoting crack extension and
widening the flow channels (Zhang et al., 2021b). As a result,
permeability is enhanced. It is also notable that the initial
permeability increases more markedly under lower confine-
ment. Even when the effective confining pressure (i.e., the
difference between hydrostatic and hydraulic pressures) is held
constant, specimens subjected to higher absolute confinement
exhibit lower initial permeability. This observation indicates
that permeability is more sensitive to confining pressure than

to hydraulic pressure alone, thereby demonstrating the coupled
influence of hydraulic-mechanical loading.

3.2 Permeability evolution

The evolution of the specimen’s inherent permeability un-
der various CHM conditions and different stress wave loading
modes is shown in Fig. 6. After seven impacts, the perme-
ability shows a marked increase across all CHM conditions,
which aligns with previous studies (Zhu et al., 2021; Chen et
al., 2024; Wang et al., 2025¢). However, under distinct CHM
conditions and energy-input modes, the permeability evolution
trends differ significantly.

Under the energy-increasing loading mode, as shown in
Figs. 6(a), 6(b), and 6(c), the evolution of permeability can
be divided into two stages. Taking Fig. 6(a) as an example,
during the first four impacts, permeability remains nearly
unchanged or slightly decreases, indicating that the specimen
retains structural integrity. Low-amplitude loading compresses
the porous structure, causing seepage channels to close and
leading to reduced permeability. As the impact energy in-
creases, permeability rises sharply after the 5 impact. This
increase arises from the initiation and growth of cracks that
connect previously isolated pores, which are accelerated by
instantaneous loading (Yao et al., 2020; Zhao, 2022). However,
this permeability enhancement is not strictly proportional to
the energy input. Following the 6 and 7" impacts, permeabil-
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Fig. 8. Ultimate permeability after stress wave loadings.

ity exhibits only minor increases or even slight declines (Figs.
6(b) and 6(c)) under elevated hydraulic pressure. This behavior
may result from the continuous sliding of rock fragments
along existing macro-fracture surfaces, where uneven mineral
grains undergo shear failure and form a fragmented shear
zone (David et al., 2001; Heiland and Raab, 2001). Fragments
and particles clog seepage channels, leading to a decrease in
permeability. In contrast, under the energy-constant loading
mode at lower confining pressures (Figs. 6(d) and 6(e)),
permeability increases continuously but non-uniformly before
reaching its peak. The first three impacts lead to gradual
permeability enhancement at hydrostatic pressures of 5 MPa
and 10 MPa, followed by more pronounced increases during
the final four impacts. However, under 15 MPa confinement
(Fig. 6(f)), permeability peaks after the fourth impact and
subsequently declines. In the energy-decreasing loading mode
(Figs. 6(g), 6(h), and 6(1)), this trend becomes more prominent
across all CHM conditions. Permeability increases sharply
during the first two impacts but gradually decreases thereafter.

In addition, the magnitude of permeability variation differs
among loading modes and CHM conditions. For a given
energy-input pattern, permeability enhancement is more pro-
nounced under higher hydraulic pressures but remains minimal
under high confining pressures. This trend is similar to that
observed in initial permeability (ko in Fig. 5), indicating that
CHM regulates permeability evolution throughout the stress
wave loading process. Furthermore, despite the same total
input energy at the same confinement level, the permeabil-

ity evolution range varies markedly among loading modes.
Overall, permeability exhibits the greatest enhancement under
repeated stress wave loading with constant moderate energy,
while the other two modes produce smaller but comparable
ranges. For example, at a confining pressure of 10 MPa
and a hydraulic pressure of 7 MPa (pink inverted triangles
in Figs. 6(b), 6(e), and 6(h)), maximum permeability values
of 19.55, 34.52, and 21.11 md are achieved under energy-
increasing, energy-constant and energy-decreasing modes, re-
spectively. Permeability reaches its peak after seven impacts
in the energy-increasing mode (Fig. 6(b)), whereas it peaks in
the energy-decreasing mode after only the first two impacts
(Fig. 6(h)), suggesting that, for a comparable permeability
enhancement effect, the energy-decreasing loadings achieves
higher energy utilization efficiency than the energy-increasing
loadings.

3.3 Peak and ultimate permeability

To further evaluate the permeability-enhancing effect of
stress wave under different energy input paths, the peak
permeability during each seven loadings was extracted and
plotted in Fig. 7. The results indicate that, under all CHM
conditions, the energy-constant loadings produce the most
pronounced enhancement of rock permeability. Under a con-
fining pressure of 5 MPa, the permeability-enhancing effects
associated with the energy-increasing and energy-decreasing
loading modes progressively weaken. As hydraulic pressure
increases, peak permeability increases sharply with AP ele-
vating to 2 MPa and then goes up slowly and linearly with
hydraulic pressure. At higher confining pressures, however, the
difference in permeability enhancement between the energy-
increasing and energy-decreasing modes becomes minimal.
Peak permeability for all loading modes exhibits nearly linear
growth with increasing hydraulic pressure, and the nearly
parallel trends suggest that the influence of hydraulic pressure
on permeability enhancement is largely independent of the
energy-input mode. Combined with earlier observations, this
confirms that the permeability-enhancing effect of stress wave
loading is jointly regulated by CHM conditions and energy-
input patterns.

The ultimate permeability measured after each complete
loading sequence was plotted in Fig. 8. Since permeabil-
ity generally increases throughout the energy-increasing and
energy-constant processes, in most cases, the ultimate per-
meability is identical to the peak value. However, under
energy-decreasing impacts and under certain CHM conditions
during energy-constant loading, permeability exhibits a declin-
ing trend in the later stage. Consequently, the final seepage
characteristics vary markedly among different loading patterns.
Under high confining pressure, the overlap in permeability
among loading modes decreases. Within the tested CHM
range, the energy-constant mode produces the highest ultimate
permeability, while the energy-decreasing mode yields the
lowest. Moreover, confining pressure and hydraulic pressure
exert a weakening and strengthening effect on the final per-
meability, respectively. However, the strengthening effect of
water pressure becomes less pronounced under high confining
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pressure.
4. Analysis based on dynamic response

4.1 Dynamic stress-strain relationship and peak
stress

To obtain an insight into the influence of different loading
modes on permeability enhancement, crack development was
analyzed in relation to the dynamic response of the specimens.
With stress equilibrium achieved within the specimen, inertial
effects become negligible, enabling reliable data reduction
analysis. The application of the one-dimensional stress wave
theory yields the dynamic stress-strain relationship (Wang et
al., 2025b):

AE
O] — 03 = Togt([)—03 (5)
2 t
elt) = —% [ er)ar ©6)

where o7 denotes the total stress (Pa) experienced by the
specimen; o3 is the stress (Pa) caused by the hydraulic
confinement; 6] — 03 represents the stress (Pa) caused by stress
wave loading.

To establish distinct dynamic responses for the three load-
ing modes, the representative stress-strain curves for impacts
conducted under 10 MPa confinement and 5 MPa hydraulic
pressure were presented in Fig. 9, where the subgraphs cor-
respond to the blue tringles in Figs. 6(b), 6(e), and 6(h),
respectively. In the energy-increasing mode (Fig. 9(a)), the first
four impacts produce gradually increasing peak stress and peak
strain, with similar stress-strain shapes. A clear concave-up
compaction stage appears at the onset of loading, and because
the incident energy remains low, damage accumulation is
minimal, resulting in strong overlap among successive loading
paths. The elastic strain energy stored in the specimen is
small and no evident plastic stage emerges. As this energy
is rapidly released, the unloading modulus nearly equals the
elastic modulus, indicating minimal structural degradation.
From the 5" to 7" impacts, however, peak stress begins to
decrease despite increasing input energy, reflecting intensi-
fied damage and progressive crack development. The elas-
tic modulus reduces, plastic deformation becomes dominant,
and a post-peak softening stage emerges, corresponding to
a sharp rise in permeability (blue triangles in Fig. 6(b)).

This is consistent with the fact that permeability is governed
by fracture propagation. In contrast, under constant-energy
loading, the peak stress decreases monotonically (Fig. 9(b)).
Since the incident loads remain identical, the stress decline
represents the weakening of load-bearing capacity. Continuous
damage accumulation causes a gradual reduction in the elastic
modulus and increasing plastic deformation. By the 4™ impact,
a pronounced post-peak softening stage forms, after which the
stress-strain curves stabilize into nearly linear pr- and post-
peak segments, indicating the presence of a dominant macro-
crack. This stabilization coincides with a slight reduction in
permeability (Fig. 6(e)), showing that after the major crack
has formed, further loading contributes little to permeability
enhancement. A similar trend appears in the energy-decreasing
mode (Fig. 9(c)). In the first two higher-energy impacts, the
stress-strain curves clearly exhibit compaction, elastic and
plastic stages. As the impact energy diminishes, the peak
stress continuously decreases. The second stress-strain curve
resembles the 5™ curve in the energy-increasing mode and the
4™ curve in the constant-energy mode. During the following
five lower-energy impacts, the curves behave similarly to
the final three curves of the constant-energy mode. These
correspond to the stage in which permeability declines (Fig.
6(h)), indicating that the specimen has already undergone sub-
stantial macro-crack formation. This parallel behavior across
different loading modes further demonstrates the close corre-
lation between permeability evolution and dynamic response:
the development of macro-failure structures enhances seepage
capacity, whereas fully formed fracture networks eventually
stabilize under loading and even weaken the seepage property.

To further clarify the relationship between dynamic be-
havior and seepage properties, the peak stresses of specimens
tested under a confinement of 10 MPa were extracted and are
shown in Figs. 10(a), 10(b) and 10(c). In the energy-increasing
impact series, the peak stress first rises and then declines,
whereas it decreases consistently in the other two loading
modes. The reduction in peak stress is relatively uniform in the
energy-constant mode, while in the energy-decreasing mode,
it exhibits a pronounced drop before transitioning to a gradual
decline. Notably, the occurrence of maximum peak stress gen-
erally coincides with the onset of rapid permeability growth.
For example, permeability remains low after the peak stress is
reached in the energy-increasing impact series. However, the
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Fig. 10. Peak stresses of the specimen under (a) energy-increasing, (b) energy-constant, and (c) energy-decreasing modes of
loadings at 10 MPa confinement, and (d) the maximum stress the specimen undergoes in the loading process.

subsequent stress reduction, together with the sharp increase in
permeability, indicates that the specimen has entered a critical
stage of damage accumulation. By contrast, in the other two
loading modes, the maximum peak stress occurs during the
first impact, accompanied by substantial plastic deformation
and a marked post-loading increase in permeability. Similar
trends have been reported in quasi-static triaxial compression
tests, where seepage behavior correlated strongly with stress
levels during cyclic loading and peak permeability appeared
when primary cracks formed (Zhang et al., 2020; Bohnsack
et al., 2021; Sheng et al., 2021; Zhang et al., 2021a). These
observations suggest that regardless of the specific impact
producing the peak stress, the simultaneous occurrence of
maximum stress and permeability enhancement reflects the
loss of load-bearing capacity preceding permeability growth.

Furthermore, increasing the hydraulic pressure has been
widely shown to reduce peak stress during dynamic loading,
as observed in SHPB tests on rocks with varying saturation
levels (Kim and Changani, 2016), pore pressures (Zhao, 2022),
and seepage gradients (Chen et al., 2024). Wang et al. (2025b)
attributed this weakening to three reasons: reduced effective
confinement, the water-induced degradation of particle cemen-
tation, and water-pressure-driven crack propagation. Impor-
tantly, the reduction in dynamic peak stress with increasing
hydraulic pressure contrasts with the corresponding increase
in permeability, further reinforcing their coupling through ma-
terial damage. Fig. 10(d) summarizes the maximum stress sus-

tained by each specimen within a loading series. It can be seen
that higher confinement consistently yields greater maximum
stresses. The specimen exhibits the strongest load-bearing
capacity under the first impact in the energy-decreasing mode,
which concentrates energy input early in loading. In contrast,
the maximum stress in the energy-increasing mode is usually
the lowest due to accumulated damage from preceding im-
pacts. As a result, under identical CHM conditions, maximum
stress does not scale proportionally with peak permeability.

4.2 Deformation characteristics

To explore the specimen damage, the deformation char-
acteristics during stress wave loading were extracted. Fig. 11
presents the peak strains corresponding to the peak stresses
presented in Fig. 10. In the energy-increasing mode (Fig.
11(a)), the peak strain associated with the maximum stress
generally increases with impact number. Although peak stress
decreases during the later impacts, the continuous growth
in peak strain signifies the persistent development of cracks
within the specimen. As porosity increases and more water
enters the fracture network, the acoustic impedance decreases,
reducing the peak stress that can be sustained (Zhang et
al.,, 2025). A similar increasing trend in peak strain is ob-
served in the energy-constant mode (Fig. 11(b)). However,
in the energy-decreasing mode, the peak strain first rises and
then declines with successive impacts. This trend reflects the
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Fig. 12. Residual strain after each impact under various CHM conditions and (a) energy-increasing, (b) energy-constant, and

(c) energy-decreasing loading modes.

combined effects of diminishing energy input and the evolving
mechanical state of the specimen. As detailed in Section 4.1,
the concentrated energy input during the initial impact induces
macro-failure. In the post-failure loading stage, the progressive
reduction in energy gradually diminishes the consolidation
effect on the fractured specimen, leading to a continuous
decrease in both specimen deformation and permeability. It is
worth noting that the maximum peak strain occurs later than
the maximum peak stress, i.e., the highest peak stress occurs
in the first impact while the max strain is reached at the 3™
loading. This lag likely results from the concentrated energy
input after the initial failure, which compacts the damaged
specimen and produces a modest temporary increase in load-
bearing capacity, a behavior also reflected in the residual
strength (Fig. 9(c)) and the observed slight increment in
permeability (Figs. 6(g), 6(h), and 6(i)). Besides, the effect of
hydraulic pressure on the peak strain during specific loading
periods fluctuates, consistent with triaxial SHPB experiments
(Gong et al., 2019), and dynamic tests under variable water
content (Zhou et al., 2016). Within a loading sequence, peak
deformation is observed to be the greatest under energy-
decreasing patterns and the smallest under energy-increasing
patterns, a phenomenon that is analogous to that of peak
stress. Consequently, peak strain has the potential to describe
trends in permeability variation, while it cannot quantify the
magnitude of permeability enhancement.

The residual strain after each impact under 10 MPa con-
finement is shown in Fig. 12. In both the energy-increasing
and energy-constant loading series, the residual strain grows
progressively with impact number. This behavior parallels
the permeability evolution, indicating that the modest and
gradually intensified loadings continually accumulate damage

within the specimen. In contrast, residual strain in the energy-
decreasing mode first increases and then decreases (Fig. 12(c)),
which reflects the effect of decreasing incident energy. Specif-
ically, the concentrated energy delivered during the first two
impacts causes complete macro-failure and significantly re-
duces the elastic recovery of the specimen. Subsequent lower-
energy impacts produce little additional damage and instead
compact the fractured, porous medium, leading to a reduction
in residual strain and permeability as the energy input declines.
Notably, the peak residual strain generally coincides with
the maximum permeability. This correspondence suggests a
consistent evolution pattern between deformation and seepage
properties, both governed by the development of macroscopic
damage. However, residual deformation also fluctuates with
increasing hydraulic pressure during certain loading periods,
likely due to the non-uniform formation and interaction of
crack networks.

To quantify the ultimate damage of the specimen, the
accumulated residual strain for each loading sequence was cal-
culated and shown in Fig. 13. The softening effect and crack-
enhancing influence of pore water markedly increase overall
deformation, with the accumulated strain rising in proportion
to hydraulic pressure. Nevertheless, the accumulated defor-
mation remains within a comparable range across different
confining pressures, suggesting that confinement limits crack
propagation caused by the higher energy input. Under specific
CHM conditions, the specimen subjected to energy-decreasing
impacts exhibits the largest total deformation, whereas the
energy-constant mode retains the greatest proportion of the
original specimen size. This trend contrasts with the variation
in the ultimate permeability across loading modes (Fig. 8).
Overall, the results reveal a negative correlation between de-
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Fig. 13. Accumulated residual strain after each loading series.

formation and permeability enhancement within the examined
energy range, highlighting the limited permeability growth
achievable under continuous impact loading and offering a new
insight into the coupled evolution of deformation, permeability
and impact energy.

4.3 Energy dissipation

The dissipated energy, determined by the area enclosed
within the stress-strain curve for a single loading cycle, was
calculated and presented in Figs. 14(a), 14(b), and 14(c).
It is evident that the dissipated energy shows an increasing
trend comparable to that of permeability under both energy-
increasing and energy-constant loading patterns. This consis-
tency aligns with the test results from the energy-constant
mode, where greater cumulative energy input and more loading
cycles lead to sustained damage accumulation, supporting
the use of dissipated energy as a damage indicator (Wang
et al.,, 2025c). In the energy-increasing pattern, however,
as energy becomes concentrated in the final few impacts,
the still-intact specimen absorbs more energy, resulting in
greater variability in energy dissipation. In contrast, under
energy-decreasing loading, the dissipated energy exhibits a
declining trend with increasing cycle number. According to
energy conservation and the one-dimensional stress wave
theory, this phenomenon can be attributed to the combined
effect of reduced input energy and the decreased acoustic
impedance of the specimen. The discrepancy between the
trends in dissipated energy and permeability indicates that
the former depends more strongly on the input energy level,
and its utility as a damage descriptor is limited under non-
constant energy loading conditions (Zhou et al., 2020). Fig.
14(d) further illustrates the total dissipated energy after each
loading sequence. Overall, a higher hydraulic pressure cor-
relates with a lower dissipated energy. Although increased
permeability and deformation imply progressive cracking, the
energy required for this process diminishes as water pressure
differentials and seepage gradients actively promote cracking
(Zhang et al., 2021b). Conversely, under elevated confining
pressure, greater energy dissipation accompanies increased
input energy, whereas permeability shows a decreasing trend.
This inconsistency may be explained by the higher resistance
of the constrained specimen to failure. Moreover, under low
confining pressures, energy-constant loading resulted in the

lowest energy dissipation, whereas under 15 MPa confining
pressure, the smallest dissipation occurred during energy-
increasing loading. This further underscores the limitation of
using dissipated energy alone to characterize damage under
variable energy loading paths.

5. Discussion

5.1 Mechanisms of permeability enhancement
under different loading patterns

The experimental results demonstrate that the inherent
permeability of rock is significantly enhanced by stress wave
loading, and that this enhancement is strongly governed by the
pattern of energy input rather than the total input energy alone.
To elucidate the mechanisms underlying different permeability
responses, the dynamic behavior of the specimen must be
considered. It has been established that permeability does not
increase continuously during repeated loadings or within a
single complete loading cycle (Wang and Park, 2002; Zhang
et al., 2007; Wang et al., 2025¢). Once macro-failure forms
and the permeability reaches its maximum, additional damage
results in the re-compaction of the porous material, closure
of flow pathways and thereby reduced permeability. Thus,
differences in permeability evolution among loading modes
arise from both the extent of crack development and the degree
to which specimen integrity is preserved.

Under energy-constant loading, the incident stress, defor-
mation and energy delivery are relatively moderate, and the
specimen remains in the pre-failure stage throughout most of
the loading sequence. As reflected by the gradual decrease
in peak stress, together with the increase in peak strain,
residual strain and dissipated energy, cumulative damage pro-
motes crack development and leads to steady permeability
enhancement. In contrast, the initial concentrated impact in
the energy-decreasing mode causes rapid structural failure.
Although permeability exhibits a slight increase due to the
delayed hydraulic response relative to macro-crack formation,
subsequent lower-energy loadings induce compaction rather
than further cracking. The corresponding reductions in peak
stress, residual strain and dissipated energy are accompanied
by declining permeability. Thus, specimens experience both
pre- and post-failure stages, whereas the peak permeability
associated with dynamic strength is not captured because
measurements were made after each loading. Ultimately, the
permeability reaches the lowest value because compaction
dominates the later stages. For energy-increasing loading,
the largest energy is applied near the end of the sequence.
The early low-amplitude impacts induce minimal structural
damage. Although the peak stress rises due to increased
incident energy, the residual strain remains small, reflecting
crack closure rather than crack initiation. Consequently, per-
meability shows negligible change or even slight reduction.
As energy inputs rise toward a certain threshold, accumulated
damage becomes significant, residual deformation and energy
dissipation increase, and the specimen approaches failure with
a reduced energy requirement. The final one or two impacts
typically destroy the specimen completely, although in some
cases, the final impact partially compacts the already failed
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Fig. 14. Dissipated energy of the specimen under (a) energy-increasing, (b) energy-constant, (c) energy-decreasing loading
modes at 10 MPa confinement, and (d) the corresponding accumulated dissipated energy in each loading series.

structure and induces a slight permeability decrease.

Overall, constant-energy loading achieves the greatest per-
meability enhancement because steady damage accumulation
fosters crack interconnection prior to failure. In the other two
modes, peak permeability generally follows the most energy-
concentrated impact. However, the initial shocks in the energy-
increasing mode have minimal effect and lead to energy
wastage, whereas when both modes reach similar permeability
levels, the energy-decreasing mode exhibits higher energy
utilization efficiency.

5.2 Characterizing permeability and damage by
a mechanical variable

Governed by the material damage properties, the evolu-
tions of rock macroscopic mechanical response properties and
the physical seepage properties are intrinsically correlated.
Nevertheless, most dynamic variables derived from dynamic
stress-strain analysis do not reflect permeability changes under
all energy impact modes. This is primarily due to the fact
that certain mechanical parameters are incapable of fully
describing the entire loading-response process of the specimen.
By contrast, permeability is a state variable that indicates
the level of material damage after loading in this study,
whereas peak stress and peak strain describe only the limit
states reached during the process and therefore remain process

variables (He et al., 2022). Moreover, the peak stress measured
in experiments often does not represent the true load-bearing
capacity (dynamic compressive strength). According to the
stress wave propagation theory, the maximum stress achieved
in the specimen depends jointly on its intrinsic damage char-
acteristics, expressed through acoustic impedance, and on the
amplitude of the incident stress. Hence, the evolutions of peak
stress and dissipated energy are strongly affected by the energy
input pattern (Zong et al.,, 2025). Nonetheless, it should be
noted that this dependency does not weaken their relevance
to permeability under energy-constant loading, where the
influence is counteracted by the loading repetitiveness (Wang
et al., 2025c¢). In this context, residual deformation serves
both as a mechanical response parameter that describes the
macroscopic behavior under loading and as an indicator of
the internal damage state, exhibiting a trend consistent with
permeability and therefore offering potential to characterize
permeability changes.

5.3 Implications, limitations and prospects

The strong dependence of permeability evolution on load-
ing mode suggests that optimal permeability stimulation can
be achieved through controlled and moderate repeated impacts
rather than extreme or irregular energy delivery. The findings
offer a novel insight into the design of hydraulic stimulation,
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dynamic permeability enhancement, and blast-induced seepage
interventions in geotechnical and mining engineering. How-
ever, it should be noted that the dynamic tests were conducted
on a homogenous specimen under conventional triaxial stress
conditions. Therefore, the effects of complex geo-stress at
depth and the joint nature of the engineering rock warrant
further investigation. Future work should also focus on quan-
tifying damage evolution through acoustic emission or micro-
CT imaging to validate the relationships among deformation,
crack and permeability established herein. Moreover, dynamic
numerical simulations that incorporate nonlinear CHM cou-
pling will facilitate an enhanced comprehension of fracture
connectivity and allow the optimization of dynamic loading
strategies.

6. Conclusions

This study employed a modified SHPB system to apply
controllable stress-wave loading to green sandstone specimens
under various CHM conditions. Each specimen was subjected
to seven impacts with identical total input energy but while
following increasing decreasing, or constant energy-input pat-
terns. In-situ permeability was measured after each impact, and
dynamic responses were analyzed to correlate permeability
evolution with damage characteristics. The main conclusions
are summarized as follows:

1) Permeability is significantly enhanced by stress-wave
loading, with distinct evolution patterns observed under
different energy-input modes. Under increasing-energy
and constant-energy loading at low confinement, perme-
ability exhibits progressive growth throughout the loading
sequence. Under decreasing-energy loading and under
repeated loading at higher confinements, permeability
generally increases first and then undergoes a slight
reduction.

2) Permeability enhancement is jointly regulated by pre-
applied CHM conditions and dynamic loading. Hydraulic
pressure promotes permeability via facilitating crack
propagation, and increasing seepage gradients reduce
load-bearing capacity while amplifying ultimate deforma-
tion. In contrast, hydrostatic confinement closes cracks
and inhibits their development, leading to diminished
permeability.

3) Stress wave loading with modest, constant input en-
ergy produces the strongest permeability enhancement,
followed by energy-increasing loading, whereas energy-
decreasing loading yields the weakest enhancement.
These differences arise from the timing of specimen
integrity loss, after which subsequent impacts may pri-
marily induce compaction rather than further fracture
development.

4) Permeability evolution cannot be reliably characterized
using peak stress, peak strain or dissipated energy,
because these parameters either fail to represent the
full loading-response history or depend strongly on the
energy-input sequence. In contrast, residual deformation
reflects cumulative material damage and exhibits a strong
positive correlation with permeability, demonstrating its

potential as a mechanical indicator for permeability char-
acterization.
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