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The low porosity and low permeability of shale remain the primary challenges in shale gas exploitation.
Traditional single permeability enhancement techniques have shown limited efficacy, failing to effec-
tively address these technical bottlenecks. This study investigates the synergistic effects of perforation-
induced permeability enhancement and acidizing operations on the mechanical properties and micro-
pore structure of shale. The improved Split Hopkinson Pressure Bar (SHPB) technique was employed to
simulate dynamic impact damage under triaxial stress conditions. Damaged and undamaged rock
specimens were immersed in a 15% hydrochloric acid solution to fabricate combined-damage specimens
and acid-etched specimens with varying damage states. Uniaxial compression tests, X-ray diffraction
Keywords: (XRD) analysis, and scanning electron microscopy (SEM) were conducted on these specimens. SEM
Shale images were binarized, and combined with low-temperature nitrogen adsorption tests, the effects of
Acid etching different damage states on the mechanical behavior, energy dissipation, micro-morphology, and pore
Combin?d damage . characteristics of shale were systematically evaluated. Results demonstrate that the peak stress and
Mechanical properties elastic modulus of shale exhibit a negative correlation with acid-etching duration. The mechanical
Microstructure properties of combined-damage specimens are inferior to those of pure acid-etched specimens, with the
minimum peak stress reaching 147.10 MPa—a 43.53% reduction compared to untreated specimens. The
energy dissipation ratio significantly increases, with a maximum value of 34.74%. XRD analysis reveals
that prolonged acid immersion effectively reduces the carbonate content in specimens, while composite
treatment accelerates the reaction between rock matrix and acid solution. Microstructural character-
ization indicates that acid etching enhances the porosity of shale, particularly the area of mesopores and
macropores, with more pronounced pore development and a fragmented interface structure. These
findings deepen the understanding of physical mechanisms during shale gas extraction and provide
critical theoretical support for optimizing integrated permeability enhancement technologies.
© 2025 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/).
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1. Introduction extraction (Zhao et al., 2024; Wei et al., 2021; Huang et al., 2024a, b).

To address this, the engineering sector has innovatively combined

Shale gas, an unconventional natural gas resource stored in shale
matrix and micro-nano pores, plays a strategic role in modern en-
ergy transition (Li et al., 2025a, b; Cheng et al., 2024a, b). However, its
exploitation faces significant challenges, primarily due to the
generally low porosity and permeability of shale reservoirs, which
lead to relatively high formation fracturing pressures and complicate
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perforation technology with acidizing treatment, forming a syner-
gistic perforation-acidizing composite process (Xiao et al., 2024;
Cheng et al., 2024a,b). This process first uses a shaped charge
perforation device to fracture the gas-bearing formation, causing
structural damage to the shale reservoir, followed by acid injection to
dissolve internal minerals and remove substances hindering fluid
flow (Fig. 1). This combined action significantly enhances structural
defects and mechanical damage characteristics of shale, thereby
improving its permeability and boosting shale gas recovery effi-
ciency (Chang et al., 2024; Sheng et al., 2021; Wang et al., 2024).
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Extensive research on acid treatment of shale has been con-
ducted by scholars at home and abroad (Wang et al., 2023; Xu
et al.,, 2024). Studies have shown that when treating shale with
low-concentration hydrochloric acid (1-3 wt%), the porosity
significantly increases after treatment with 3 wt% hydrochloric
acid for 3 h (Morsy et al., 2013). High-concentration hydrochloric
acid (15%) can optimize pore connectivity and enhance fluidity
(Cash et al., 2016). Although existing research has emphasized the
positive effects of acid treatment on improving porosity and con-
ductivity, there is still a lack of systematic exploration of its
comprehensive impacts on other physical and mechanical prop-
erties. To gain in-depth understanding of the mechanism of acid
treatment, XRD and SEM were used to analyze the mineral
composition and microstructural changes of acid-soaked shale. It
was found that high-concentration hydrochloric acid significantly
alters shale through dissolution, forming pores and affecting
permeability (Grieser et al., 2007). Uniaxial compression tests,
triaxial hydraulic fracturing simulations, nuclear magnetic reso-
nance, and other methods were employed to study the effects of
hydrochloric acid on the mechanical properties and permeability
of rock samples. The results showed that acid etching reduces the
mechanical properties of rock samples, promotes the development
of pores and fractures, and improves permeability (Teklu et al.,
2017; Tan et al., 2018). However, the quantitative influence of
acid concentration and treatment time on permeability remains
unclear, limiting its engineering applications. Mixed acid solutions
have significant effects on the mechanical properties, micro-
structure, and pore structure of shale (Adnan et al., 2009; Wang
et al., 2023; Zhang et al., 2023). For example, mixed acids (hy-
drochloric acid and hydrofluoric acid) can reduce the compressive
strength and elastic modulus of rock samples, making them more
fragile, alter the microstructure by dissolving mineral compo-
nents, and enhance the pore structure (Chen et al., 2019). In
addition, high-concentration hydrochloric acid (15%) significantly
enhances the pore connectivity of shale and improves conductivity
(Cash et al., 2016), and the optimal injection rate is 2 cm?/min (Li
et al., 2020), providing support for the application of acidization
enhancement technology in shale gas development.

Previous research has primarily focused on the effects of acid
treatment alone (Wang et al., 2023). However, actual shale gas
extraction often employs multiple synergistic permeability
enhancement methods to more effectively improve shale perme-
ability. Perforation-acidizing collaborative operation is a
commonly used composite technology. In this process, operators
first perform physical fracturing using perforating guns, followed
by acid injection for enhanced permeability. To simulate perfora-
tion fracturing under triaxial stress, this study used a triaxial dy-
namic impact testing system to prepare dynamically damaged
rock samples. Damaged and undamaged samples were then
immersed in 15% hydrochloric acid solution for different durations
to fabricate combined-damage and acid-etched samples, simu-
lating the rock state under synergistic perforation-acidizing.
Finally, uniaxial compression tests, XRD, and SEM were conduct-
ed on samples with different damage states to systematically
investigate the effects on mechanical properties, energy dissipa-
tion, micro-morphology, and pore characteristics.

2. Experimental materials and methods
2.1. Selection and preparation of samples

The shale used in this study was sourced from the Wufeng For-
mation of the Ordovician period and the Longmaxi Formation of the

Silurian period, located in Changning County, Sichuan Province,
China. X-ray diffraction tests were performed to determine the
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mineral composition and their respective contents in the rock
samples, as illustrated in Fig. 2(a). The composition was found to be
as follows: quartz 57.15%, dolomite 9.14%, calcite 16.5%, pyrite 0.93%,
and iron dolomite 9.14%, with other components constituting 7.14%.
Notably, quartz, dolomite, and calcite comprised a significant
portion of the total mineral composition, totaling 82.79% (Fig. 2(b)).

Multiple cylindrical samples, each measuring @50
mm x 50 mm, were prepared from vertical stratified layers, and
the surfaces of these samples were polished. Samples exhibiting
visible cracks or damage on their surfaces were discarded. Vaseline
was evenly applied to the bottom surfaces of the samples. Each
sample’s longitudinal wave velocity was individually tested using
the HS-YS4A rock acoustic parameter tester, with outlier samples
being excluded from further analysis.

2.2. SHPB dynamic impact experiment

To simulate perforation fracturing operations under three-
dimensional stress conditions, dynamic impact damage tests were
conducted on shale samples using the SHPB testing system under
triaxial compression. The confining pressure and axial pressure of the
impact testing device were both set to 10 MPa. Dynamic impact ex-
periments were then performed on the shale samples at three
different impact gas pressures: 0.6, 0.8, and 1.0 MPa. The results
indicated that the shale did not experience overall failure at 0.6 MPa,
while micro-damage was observed on the surface of the shale at
0.8 MPa. At 1.0 MPa, the sample fractured along its vertical layering.
Consequently, dynamic impact damage tests on shale were con-
ducted at an impact gas pressure of 0.8 MPa. Therefore, under the
three-dimensional stress state with both confining pressure and axial
pressure set to 10 MPa, an impact gas pressure of 0.8 MPa was chosen
for the dynamic impact damage tests on shale, resulting in the
preparation of the impacted damage sample S-Blank. The impacted
damage samples and undamaged samples (Blank) are reserved for
future acid etching tests and performance detection experiments.

2.3. Acid etching experiment

A series of hydrochloric acid solutions with a concentration of
15% were prepared from a standard 20% hydrochloric acid solution
and distilled water. These solutions were stored in polytetra-
fluoroethylene beakers. Five groups of undamaged shale samples
and five groups of damaged shale samples were systematically
immersed in the hydrochloric acid solution to undergo acid
etching experiments for five different durations: 1, 3, 7, 14, and
28 d. This resulted in the preparation of single acid-etched shale
samples (A1d, A3d, A7d, A14d, and A28d) and combined damaged
shale samples (SA1d, SA3d, SA7d, SA14d, and SA28d). After the
acid etching experiments were completed, the shale samples were
rinsed in deionized water for dilution. Subsequently, the samples
were placed in a hot air convection oven at 100 °C for 24 h to dry
and were then set aside for further use.

2.4. pH value detection of residual acid

The residual acid in the eroded shale samples was analyzed for
pH. The pH value of the soaking solution was measured using a Leici
PHS-3C pH meter manufactured by Shanghai Instrumentation
Electric Science Co., Ltd., which has a minimum resolution of 1 mV, a
pH range of —2.00 to 18.00, and a minimum resolution of 0.01 pH.

2.5. Static uniaxial compression experiment

A static uniaxial compression test was conducted using the
INSTRON-1346 electro-hydraulic servo universal testing machine,
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Fig. 1. Schematic diagram of shale shot hole acidizing and penetration enhancement operation.
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Fig. 2. XRD test results of shale and mineral composition analysis.

manufactured by Interstrand in the UK. During the test, an axial
load was applied to the samples at a loading rate of 0.5 mm/min
until failure occurred. Three samples were prepared for each
damage state of shale, and one sample close to the average value
was selected for mechanical performance analysis. Fig. 3 illustrates
the preparation and experimental process of the damaged rock
samples.

2.6. XRD

The materials were characterized using XRD with a powder
diffractometer (Model D8, Advance). Samples with a particle size
of 200 mesh or finer were selected for the tests, with
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approximately 0.5 g of sample powder used for each measure-
ment. The scanning range was set from 5° to 80°, and the scanning
speed was 5 °/min.

2.7. SEM

In this study, a Quanta 250 scanning electron microscope
produced by TESCAN Brno, s.r.o., was used to observe the
microstructure of the shale. The main parameters of the equip-
ment were set at 30 kV, with a resolution of 1 nm at 1 kV and
3.5 nm at 30 kV. Rock samples were processed into thin sections
with a diameter of less than 0.5 cm for experimental
observation.
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Fig. 3. Preparation and experimental flow chart of damaged rock samples.

2.8. Low-temperature nitrogen adsorption experiment

An ASAP-2460 automatic surface area and porosity analyzer
was employed to test the samples, generating the isothermal
adsorption curves of the rock samples. For the experiments, par-
ticles sized 60-80 mesh were selected, with approximately 2 g of
sample placed in the sample tube. The samples were subjected to
vacuum degassing for 10 h in a degassing station. Finally, the rock
samples were placed in the apparatus for the liquid nitrogen
adsorption experiment.

3. Experimental results and analysis
3.1. pH value detection results of residual acid

Fig. 4 shows the pH value changes of residual solutions after
15% hydrochloric acid etching of shale under 1, 3, 7, 14, and 28 d
conditions. The results indicate that the pH value of the acid so-
lution generally increases gradually with the extension of etching
time. The residual solution after 1 d etching treatment has the
highest pH growth rate, suggesting that hydrochloric acid reacts
rapidly with shale upon contact, leading to a sharp increase in pH
value. However, after 3, 7, 14, and 28 d treatments, the pH growth
rate gradually slows down, indicating that the reaction between
hydrochloric acid and shale tends to reach saturation with pro-
longed reaction time. In addition, the pH value of the acid im-
mersion solution for composite-treated shale is significantly
higher than that for single acid-etched shale, further demon-
strating that composite treatment can more effectively promote
the interaction between acid and shale and improve the efficiency
of acid-rock reactions.
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3.2. Influence on mechanical properties

The stress-strain curve is a critical indicator for evaluating
material elasticity, yield behavior, and ultimate strength (Hu et al.,
2023; Jing et al., 2022). Static uniaxial compression tests were
conducted to plot the stress-strain curves of 12 groups of rock
samples with different damage states (Fig. 5), which can be
divided into four stages: OA, AB, BC, and post-point C (Liu et al.,
2024a, b; Ni et al., 2024). The OA stage is the compaction phase,
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where internal micro-cracks in the rock sample gradually close
under axial loading; the AB stage is the linear elastic phase, where
the material fully recovers to its initial shape under axial loading;
the BC stage is the plastic phase, where irreversible displacement
of atoms within the rock sample occurs with increasing load,
leading to permanent damage; point C is the peak stress, repre-
senting the maximum external load the rock sample can with-
stand; and the post-point C stage is the final failure phase.
Among the 12 groups of damaged rock samples, the Blank
sample exhibited the highest peak stress of 260.5 MPa, while the
impact-damaged sample S-Blank had a peak stress of 234.57 MPa,

Petroleum Science 22 (2025) 4117-4133

a 9.95% decrease. For different acid-etching durations, the peak
stresses of acid-etched shales A1d, A3d, A7d, A14d, and A28d were
230.54, 213.86, 200.82, 190.08, and 180.93 MPa, with reduction
rates of 11.5%, 17.9%, 22.91%, 27.03%, and 30.55%, respectively. The
results indicate that acid etching significantly reduces the peak
stress of rock samples, and longer acid-etching times cause more
pronounced degradation of mechanical properties. Additionally,
the peak stresses of combined-damage shales SA1d, SA3d, SA7d,
SA14d, and SA28d with different acid-etching times were 199.49,
185.95, 163.11, 154.23, and 147.10 MPa, corresponding to reduction
rates of 23.42%, 28.62%, 37.39%, 40.79%, and 43.53% compared to
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Fig. 5. Stress-strain curves of shale under 12 sets of different damage conditions.
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the Blank group. Compared with acid-etched shales, combined-
damage shales showed significantly higher reduction rates at the
same acid-etching time, indicating that dynamic impact damage
and acid etching have a synergistic degrading effect on the me-
chanical properties of shale. Dynamic impact damage alters the
internal microstructure of shale, promoting the generation and
development of micro-cracks, allowing hydrochloric acid solution
to penetrate deep into the rock mass along these cracks, react with
minerals over a larger area, and thus accelerate the acid-rock re-
action process, further deteriorating the mechanical properties of
rock samples.

The elastic modulus is an important indicator for measuring the
elastic deformation capacity of materials under compressive stress
(Peng et al., 2024). The elastic modulus of ordinary shale Blank was
44.99 GPa, while those of shales Ald, A3d, A7d, A14d, and A28d
with different acidization times were 37.23, 36.4, 34.31, 32.3, and
30.44 GPa, with reduction rates of 17.25%, 19.09%, 23.74%, 28.21%,
and 32.34% compared to the Blank group. The elastic moduli of
combined-damage shales SA1d, SA3d, SA7d, SA14d, and SA28d
were 33.64, 32.13, 30.61, 28.57, and 27.37 GPa, with reduction rates
of 25.23%, 28.58%, 31.96%, 36.50%, and 39.16%, respectively. This
indicates that acid etching and impact damage treatments degrade
the internal structure of rock samples, reducing the ability of shale
to maintain shape stability under compressive stress, and
combined-damage treatment further increases the reduction
amplitude of elastic modulus.

Furthermore, among the 12 groups of rock samples, the Blank
group had the smallest peak strain (7.24 x 10~3), while the SA28d
sample had the largest peak strain (7.82 x 10~3), which was 7.42%
higher than that of the Blank sample (Table 1). The time-peak
strain curves of both acid-etched and combined-damage shales
showed an upward trend, indicating that damage treatments in-
crease the peak strain of rock samples, and the peak strain is
positively correlated with the acid-etching time. At the same acid-
etching time, the peak strain of combined-damage shales was
higher than that of acid-etched shales, suggesting that the com-
bined damage of impact damage + acid etching has a synergistic
degrading effect on rock samples.

Fig. 6 plots the variations in peak stress, peak strain, and elastic
modulus of shales with different damage states based on Table 1. It
can be seen that as the hydrochloric acid etching time increases,
the peak stress and elastic modulus of both acid-etched and
combined-damage rock samples generally show a downward
trend (Fig. 6). Comparing different rock samples at the same acid-
etching duration, the peak stress and elastic modulus of
combined-damage samples were always lower than those of sin-
gle acid-etched samples. Taking the 28-day treatment cycle as an
example, the peak stress loss of the composite-damage sample

Table 1
Peak stress, peak strain and elastic modulus of shale in different damage states.

Samples  Peak stress, MPa  Peak strain, 10>  Modulus of elasticity, GPa
Blank 260.5 7.24 44.99
Ald 230.54 7.35 374
A3d 213.68 7.41 343
A7d 200.82 7.46 332
Al4d 190.08 7.49 323
A28d 180.93 7.52 304
S-Blank  234.57 7.32 40.8
SA1d 199.49 7.38 32
SA3d 185.95 7.47 30.6
SA7d 163.11 7.67 29.2
SA14d 154.23 7.73 28.6
SA28d 147.10 7.82 27.4
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different damage conditions.

SA28d reached 43.53%, and the elastic modulus loss was 39.16%,
which were significantly higher than those of the pure acid-etched
sample A28d (peak stress loss 30.55%, elastic modulus loss
32.34%). This data indicates that the synergistic effect of impact
damage and acid etching has a more significant deteriorating ef-
fect on the mechanical properties of shale than single acid etching.
Through the interaction of physical damage and chemical corro-
sion, the two significantly reduce the mechanical properties of
shale materials.

3.3. Evolutionary analysis of energy dissipation in shale with
different damage states

3.3.1. Principle of energy calculation

The deformation and failure processes of rocks fundamentally
involve the dissipation and release of internal energy under
external loads (Peng et al., 2025; Ru et al., 2024; Luo et al., 2023).
When treating a volume element of rock as a closed system while
under stress, we can apply the law of conservation of energy. In
this case, the work done on the rock element by external forces is
converted into the elastic strain energy stored in the rock sample,
dissipative energy associated with irreversible deformation, and a
minor amount of other forms of energy. Based on the law of con-
servation of energy, we derive the relationships among these en-
ergy types (Yu et al., 2023; Liu et al., 2024a, b):

U=+ U4 (4)

In Eq. (4), U represents the total energy converted from the
load, U¢ denotes the stored elastic strain energy, and U4 represents
the dissipative energy during the energy conversion process. The
relationships among the three types of energy in the sealed ma-
terial under axial load are illustrated in Fig. 7:

Thus, the elastic strain energy per unit volume of the sealing
material is expressed as:

(5)

1
+ —(73&'%

+1 S
02&) 2

2

1
Ut = 501 &
where 61, 65 and o3 are the stresses of the presses that the material
is subjected to in the three directions, respectively; &, ¢5 and &§ are
the strains corresponding to the stresses, respectively.
According to Hooke’s law, Eq. (5) can be transformed into:
2

_a

2E
Additionally, applying the concept of definite integrals, the total
energy U is calculated as:

Ue (7)
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where o6; and ¢; refer to the stress and strain values of the sealing
material at specific points along the stress-strain curve, respec-
tively. Therefore, the dissipated energy U¢ of the sealing material
during deformation and failure can be expressed as:

ud—uU—ue 9)

3.3.2. Laws of energy evolution

Analyzing energy variations reveals the deformation and failure
mechanisms of rocks under different loading conditions. The total
energy U, elastic strain energy U¢, and dissipated energy Ud of 12
shale groups during deformation and failure were calculated using
Eqgs. (7)-(9). As shale is a brittle material without post-peak
behavior, the pre-peak stage of the stress-strain curve was
selected for energy calculation, yielding the relationship between
energy parameters and stress-strain curves for each group (Fig. 8)
(Yu et al., 2023; Ozoji et al., 2024).

The evolution curves of strain and the three energy compo-
nents are divided into three stages: micro-crack closure (Stage I),
elastic deformation (Stage II), and plastic deformation (Stage III). In
Stage I, internal pores of the rock sample gradually close under the
testing machine’s load. Part of the applied energy converts to
elastic strain energy, while the rest becomes irreversible dissi-
pated energy, with all three energy curves growing slowly. Stage I
is the linear elastic phase, where the applied load primarily con-
verts to elastic strain energy. Elastic strain energy and total energy
increase steadily with similar trajectories, while dissipated energy
remains unchanged. Stage Il is the plastic phase, where micro-
crystalline friction and dislocation movement convert more en-
ergy to dissipated energy, slowing the growth rate of elastic strain
energy and accelerating that of dissipated energy.

In the energy evolution curves of 12 shale groups, the elastic
strain energy and total energy curves of the Blank sample show
highly similar growth rates and trajectories for most periods, while
dissipated energy grows slowly or stagnates, only increasing
slightly at the curve’s end. This indicates the Blank sample has
minimal micro-crack development, a dense and uniform micro-
structure, and strong deformation resistance. However, damaged
samples exhibit diversified changes in Stage III: total energy grows
steadily, elastic strain energy slows, the gap between them widens,
dissipated energy increases significantly, and its growth trend
correlates with the damage degree. This is because damage
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treatment increases internal micro-cracks and reduces rock ho-
mogeneity. External loading induces uneven stress in damaged
samples, promoting crack growth and network formation, causing
local structural damage, releasing elastic strain energy, decreasing
its growth rate, and rapidly increasing dissipated energy.

3.3.3. Energy evolution of shale with different damage states

To analyze energy evolution, relationships between the three
energy parameters and strain for 12 material groups were plotted
(Figs. 9-11). The total energy curve is divided into slow growth
(0-0.001), stable growth (0.001-0.005), and rapid growth (>
0.005) stages (Fig. 9). The total energies of Blank, Ald, A3d, A7d,
Al4d, A28d, S-Blank, SA1d, SA3d, SA7d, SA14d, and SA28d are
0.789, 0.772, 0.720, 0.693, 0.685, 0.669, 0.744, 0.688, 0.711, 0.656,
0.636, and 0.625 k]/m?, respectively. Total energy comprehensively
reflects material strength, toughness, and durability, indicating the
ability to absorb and disperse external loads. The Blank sample has
the highest total energy, while damaged samples show reduced
total energy, demonstrating that damage treatment weakens
shale’s load absorption and dispersion capacity. Additionally,
combined-damage samples have lower total energy than acid-
etched samples at the same acid-etching time, confirming that
combined damage deteriorates total energy more significantly,
with longer acid-etching times enhancing this effect.

The elastic strain energy-strain curves of 12 shale groups are
divided into slow growth (0-0.001), steady growth (0.001-0.005),
and disordered growth (> 0.005) stages (Fig. 10). The first two
stages show similar trends to total energy, indicating that minor
deformations store most axial load energy in a stable state. The
third stage exhibits significant differences: the Blank sample
maintains high elastic strain energy growth, while damaged shales
(A1d, A3d, A7d, Al4d, A28d, SA1d, SA3d, SA7d, SA14d, SA28d)
show reduced elastic strain energy (0.714, 0.628, 0.573, 0.559,
0.53, 0.592, 0.580, 0.436, 0.419, 0.395 kJ/m>, respectively).

The dissipated energy-strain curves (Fig. 11) are divided into
slow growth (0-0.001), stagnant growth (0.001-0.005), and rapid
growth (> 0.005) stages. During stagnant growth, dissipated en-
ergy initially grows uniformly but stagnates in the middle-late
stage. In the rapid growth stage, damaged shales show higher
growth rates than the Blank group, indicating that damage treat-
ment increases micro-cracks and local damage, consuming more
energy to overcome inter-granular slip and deformation.
Combined-damage shales have higher dissipated energy growth
rates than acid-etched shales at the same acid-immersion time,
confirming that dynamic impact and acid etching synergistically
promote crack extension, increasing energy dissipation. Longer
acid-immersion times enhance peak failure dissipated energy,
aggravating shale deterioration and micro-deformation energy
dissipation.

Fig. 12 shows the relationship between energy parameter peaks
and acid treatment time: total energy and elastic strain energy
decrease, while dissipated energy increases with prolonged acid
treatment. Combined damage exacerbates internal deterioration,
leading to lower total/elastic strain energy and higher dissipated
energy than single acid etching, verifying that combined damage
introduces more structural defects, reducing energy storage
capacity.

Analyzing the ratio of dissipated energy to total energy at
failure (Fig. 13) reveals: Blank, A1d, A3d, A7d, A14d, A28d, S-Blank,
SA1d, SA3d, SA7d, SA14d, SA28d have dissipated energy ratios of
4.51%, 7.51%, 12.70%, 17.31%, 18.4%, 20.86%, 9.44%, 14.02%, 18.53%,
33.57%, 34.16%, and 34.74%, respectively. Combined-damage sam-
ples exhibit higher ratios than acid-etched ones at the same acid-
etching time (e.g., SA28d’s 34.74% vs. A28d’s 20.86%), confirming
the synergistic effect of impact damage and acid etching. Longer
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Fig. 10. Plot of elastic energy versus strain for 12 shale groups.
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acid-etching times increase the ratio due to deeper acid penetra-
tion, broader pore formation, reduced homogeneity, and more
energy consumed for inter-granular slip under external loading.

3.4. XRD experimental study on shale with different damage states

XRD tests were conducted on 12 groups of shale samples to
analyze the effects of different treatments on mineral composition
and structure. The XRD patterns of all samples showed multiple
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high-intensity diffraction peaks (Fig. 14). Calcite and ankerite, two
carbonate minerals, were analyzed. Results showed that although
XRD patterns of all samples were highly similar, containing calcite
and ankerite, the intensities of diffraction peaks varied signifi-
cantly. Specifically, the diffraction peak intensities of Blank and S-
Blank samples were notably higher than those of acid-immersed
samples, indicating that acid immersion effectively reduces the
carbonate content in shale, reflecting the dissolution of acid on
carbonate minerals. For samples immersed for 3 days, the
diffraction peak intensity was lower than that of 1-day treated
samples, and further decreases were observed in 7-day and 14-day
treated samples. The diffraction peaks of 28-day treated samples
were significantly lower than other groups, suggesting that pro-
longed acid immersion helps further reduce carbonate content.
Additionally, comparing composite-treated samples with pure
acid-immersed ones, the diffraction peaks of calcite and ankerite
in composite-treated samples were significantly reduced, further
indicating that composite treatment accelerates the reaction be-
tween rock and acid, thereby enhancing the acid-rock reaction
rate.

3.5. Analysis of shale microstructure and image binarization
processing

As inferred from the previous section, the reaction between
hydrochloric acid and shale effectively reduces its carbonate
content. Therefore, SEM was used to microscopically observe
shale, investigating the effects of damage treatments on surface
particle morphology, size, and pore status (Chen et al., 2019;
Huang et al., 2024a, b; Jing et al., 2023). Fig. 15 displays the
microscopic  images of 12 shale  groups under
1000x magnification. The microstructure of ordinary shale (Blank
and S-Blank) is the densest, with white mineral particles tightly
embedded, minor micro-pores and cracks at the interface, poor
pore development and connectivity, exhibiting high bearing ca-
pacity and recovery performance. In contrast, the microstructures
of acid-etched samples (Ald, A3d, A7d, Al4d, A28d) and
combined-damage samples (SA1d, SA3d, SA7d, SA14d, SA28d)
have undergone significant changes. White particles are drastically
reduced, and dense, unevenly distributed pores appear at the
interface. With the increase in acid immersion time, the number
and size of pores significantly expand. The occurrence and
expansion of these pores introduce numerous defects into the
shale, weakening the bearing skeleton and significantly reducing
bearing capacity and recovery ability, verifying the test results in
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Fig. 14. XRD results of 12 sets of rock samples.
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Fig. 15. SEM images of 12 groups of shale.

Section 3.2. Additionally, comparing acid-etched samples with
combined-damage samples, even at the same acid immersion
concentration, combined-damage samples show larger pore sizes
and more developed pore structures, indicating that combined
damage effectively promotes the contact between acid solution
and ore body, enhances the degree of acid-rock reaction, and
further triggers the internal structural degradation of shale.
Binary processing of images simplifies them into black and
white, enhancing feature extraction and noise suppression, and
improving the efficiency and accuracy of analysis. In the figures,
white represents the shale matrix, and black indicates pores
(Huang et al., 2024a, b). The SEM images in Fig. 15 have been
converted into binary images (Fig. 16). In Blank and S-Blank sam-
ples, there are a few small black dots and slender strips, while
acid-etched and combined-damage shales exhibit more large
black areas. These black areas are more densely distributed and
have enhanced connectivity, suggesting that acid etching pro-
motes pore generation and area proportion. As acid etching time
increases, the density and connectivity of black areas enhance,
indicating that prolonged hydrochloric acid immersion effectively
improves mineral solubility, forms a more complex pore network,
and enhances the fragmentability of rock samples. Compared with
single acid-etched samples, combined-damage samples have a
larger number of large-sized black areas with denser distribution.
To deeply investigate the pore structure distribution charac-
teristics of shale, Image] image processing technology was used to
process the binarized images in Fig. 16, obtaining the pore pa-
rameters of 12 groups of rock samples (Table 2). Furthermore, the
total area comparison diagram of different pore sizes in shale
(Fig. 17) and the stacked diagram of pore size area proportion
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(Fig. 18) were drawn. The pores of rock samples are divided into
small pores (0-5 pm?), medium pores (5-10 pm?), and large pores
(> 10 pm?). The untreated shale has the largest total area of small
pores, followed by the area of medium pores, while the total area
of large pores is extremely small (Fig. 18). Damage treatments have
little effect on small pores but significantly increase the total area
of medium and large pores. With the increase of acid etching time,
the total area of medium and large pores in acid-etched and
combined-damage treated rock samples gradually increases, and
the damage treatment has the most significant effect on the total
area of large pores. In addition, under the same acid etching time,
the total area of medium and large pores in combined-damage
shale is higher than that in acid-etched-only shale.

Furthermore, the total porosities of the 12 shale groups are
2.28%, 4.58%, 5.55%, 8.35%, 10.41%, 14.6%, 2.58%, 9.45%, 12.35%,
15.86%, 17.59%, and 23.87%, respectively. The pore proportion of
acid-etched shales is significantly higher than that of Blank and S-
Blank shales. The porosities of acid-etched shales are in the order
of A1d, A3d, A7d, SA1d, A14d, SA3d, A28d, SA7d, SA14d, and SA28d.
The combined-damage sample SA7d has the highest porosity,
which is 15.06% higher than that of the Blank sample. Acid etching
and combined-damage treatments have the most significant
impact on the macropores of shale. The macropore proportion of
the untreated sample is 0.18%, and those of the treated samples are
2.83%, 3.5%, 5.52%, 8.21%, 11.91%, 7.49%, 8.97%, 12.26%, 14.56%, and
20.18%, respectively (Fig. 18). With the increase in acid etching
time, the macropore proportion shows an increasing trend. Among
them, SA28d has the highest macropore proportion, which is 20%
higher than that of the Blank sample. Moreover, the porosity and
macropore proportion of combined-damage shales are higher than
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Fig. 16. Binarized image processing results.

those of single acid-etched shales, indicating that combined
damage improves the damage and degradation effect of rock
samples, contributing to enhancing the pore connectivity and gas
permeability of shale.

3.6. Evolution analysis of pore structure in shale with different
damage states

At constant temperature, the adsorption properties of porous
materials correlate with pressure, resulting in different types of
adsorption isotherms that describe the adsorption of gases or
liquids on solid surfaces (Wang et al., 2022; Li et al., 2022). The
low-temperature nitrogen adsorption isotherms of shale show
that the nitrogen adsorption capacity gradually stabilizes with
increasing relative pressure (Fig. 19), rising significantly when the
relative pressure exceeds 0.8. According to IUPAC classification, the
adsorption isotherms of the samp les conform to Type IV, and the
desorption hysteresis loops conform to Type H3 hysteresis.

Based on the BET (Zhang et al., 2022) and Kelvin equations
(Wen et al., 2023), when the relative pressure P/Py < 0.2, mono-
molecular layer adsorption of nitrogen occurs on the shale sur-
face; when P[Py is between 0.2 and 0.8, multi-layer adsorption
dominates; when P/Py exceeds 0.8, the isothermal adsorption
curve rises rapidly, indicating capillary condensation of nitrogen
in the rock sample. In Type IV isotherms, obvious desorption
hysteresis occurs, and the type of hysteresis loop is related to the
pore structure of shale. The hysteresis loops of untreated Blank
and S-Blank samples are wide, indicating that nitrogen enters
narrow throat pores during adsorption and requires higher
pressure during desorption, suggesting poor pore connectivity in
untreated shale (Fig. 19). After acid-etching and impact damage
treatments, the hysteresis loops of rock samples narrow, indi-
cating that hydrochloric acid solution etching can open semi-
closed or closed pores, transforming the pore structure from
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cylindrical to more open cylindrical, thus optimizing pore con-
nectivity. Comparing the effects of different acid-etching times
and treatment methods on the isothermal adsorption curves,
prolonged acid immersion and composite treatment significantly
narrow the hysteresis loops and increase nitrogen adsorption
during the adsorption stage, indicating that acid-etching de-
grades the microstructure of shale.

The NLDFT method based on non-local density functional
theory was used to analyze the isothermal adsorption curves,
enabling the acquisition of pore distribution within the range of
0-250 nm in rock samples and the analysis of micropores (<
2 nm), mesopores (2-50 nm), and macropores (> 50 nm) to
describe rock sample characteristics (Li et al., 2020; Li et al,,
2025a, b; Ma et al., 2024) (Table 3). The red curve in Fig. 20
represents the incremental pore volume of the rock sample,
while the blue curve reflects changes in cumulative pore volume.
The incremental pore volume curve shows that the micropore
volume of shale is relatively small, while the volumes of meso-
pores and macropores are significantly larger. Analysis of the
cumulative curve and Table 3 reveals that the cumulative pore
volume of untreated shale is the lowest, indicating poor pore
connectivity. After acid-etching treatment, the cumulative pore
volume increases significantly, suggesting that acid-etching
effectively enhances the total porosity of rock samples. As the
acid-etching time prolongs, the pore volume of rock samples
gradually increases, indicating that prolonged acid immersion
further degrades the internal structure of rock samples. It is
noteworthy that the pore volume of composite-treated shale is
significantly larger than that of acid-etched shale alone.

To investigate the effects of different damage treatments on the
pore volume of shale, the pore volume data for micropores (<
2 nm), mesopores (2-50 nm), and macropores (> 50 nm) were
compiled (Table 3) and plotted as percentage stacked bar charts
(Fig. 21). Fig. 21 shows that the distribution of the three pore
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Table 2
Pore parameters of 12 groups of rock samples.
No. Aperture range, pm? Quantity Total area, pm? Average aperture, pm? Percentage of area, %
Blank >0 877 1309.54 1.49 2.28
0-5 842 1023.38 1.22 1.78
5-10 28 182.32 6.51 0.32
> 10 7 103.84 14.83 0.18
Ald >0 651 2402.96 4.00 4.58
0-5 555 655.87 1.18 1.15
5-10 48 335.29 6.99 0.59
> 10 48 1411.80 33.58 2.84
A3d >0 1001 3610.32 291 5.55
0-5 875 1135.13 1.30 1.24
5-10 79 544.42 6.89 0.81
> 10 53 1930.77 23.22 3.50
A7d >0 836 4744.62 5.68 8.35
0-5 658 983.64 1.49 1.73
5-10 88 622.54 7.07 1.10
> 10 90 3138.44 34.87 5.52
A14d >0 1171 6026.70 5.15 10.41
0-5 986 861.37 0.87 1.10
5-10 97 787.71 8.12 1.11
> 10 113 4377.62 38.74 8.21
A28d >0 991 8573.19 8.65 14.60
0-5 734 918.44 1.25 1.56
5-10 110 960.44 8.73 1.13
> 10 147 6694.31 45.54 11.91
S-Blank >0 784 1512.15 1.93 2.60
0-5 725 1074.92 1.48 1.85
5-10 52 336.03 6.46 0.58
> 10 7 101.20 14.46 0.17
SA1d >0 756 7704.96 10.19 9.45
0-5 521 1042.73 2.00 1.13
5-10 93 766.93 8.23 0.83
> 10 142 5895.31 41.53 7.49
SA3d >0 1348 9012.71 6.69 12.35
0-5 839 1567.23 1.87 1.76
5-10 123 1086.96 8.84 1.61
> 10 355 6358.53 17.91 8.97
SA7d >0 1193 10716.12 8.98 15.86
0-5 826 1259.61 1.52 1.76
5-10 128 968.32 7.57 1.83
> 10 599 8488.19 14.17 12.26
SA14d >0 1412 11212.52 7.94 17.59
0-5 576 425.37 0.74 1.05
5-10 167 1506.22 9.02 1.98
> 10 669 9280.93 13.87 14.56
SA28d >0 1546 13732.93 8.88 23.87
0-5 581 311.51 0.54 1.58
5-10 181 1682.35 9.29 2.11
> 10 784 11739.07 14.97 20.18
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Fig. 19. Nitrogen adsorption isotherms of shale after different treatments.

impact damage and acid immersion significantly increases the
proportions of mesopores and macropores in rock samples
compared to acid-etching alone, with SA28d shale having the
highest proportions of mesopores and macropores, indicating a
significant synergistic effect between impact damage and acid-
etching treatments in enhancing pore expansion, which is
consistent with the analysis results in Section 3.4.

volume ratios in rock samples exhibits an obvious stepwise char-
acteristic. Acid-etching treatment reduces the volume ratio of
micropores while increasing the proportions of mesopores and
macropores. With the extension of acid immersion time, the
proportions of mesopores and macropores in shale gradually in-
crease, indicating that acid immersion optimizes the pore struc-
ture of rock samples. Furthermore, the composite treatment of
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3.7. Damage degradation mechanism of shale

Shale is primarily composed of clay minerals, quartz, and
organic matter, formed through sedimentation, compaction, and
diagenesis, which transform into oil and natural gas under suitable
conditions (Tian et al., 2024). During shale gas extraction using
perforation-acidizing technology, acid solutions react with car-
bonate and clay minerals in shale. Hydrochloric acid dissociates
into hydrogen ions (H") and chloride ions (Cl~) in water, with part
of H' reacting with water to form hydronium ions (H30"). When
shale contacts acidic solutions, carbonate minerals dissolve,
releasing carbonate ions (CO3~) and corresponding metal ions.
H30™ and H' react with CO%* via charge attraction to generate
carbon dioxide and water. Meanwhile, clay minerals undergo hy-
drolysis: water molecules break Si-O-Si bonds, forming weakly
bonded Si-OH bonds, which expand clay layer spacing, cause clay
mineral swelling, reduce mineral structural strength, and optimize
shale fracturing and permeability (Fig. 22).

In acid-etching experiments, acid solutions contact carbonate
and clay minerals on the rock surface, triggering acidification re-
actions that dissolve minerals to form pores. Ordinary shale has
fewer micro-pores and poor connectivity between primary pores,
with tight vertical bedding, leading to low acid-etching reaction
rates and inadequate pore-fracture development. However, dy-
namic impact damage generates micro-cracks within shale,
providing channels for acid solutions to penetrate deep into the
rock and react with underlying minerals, accelerating mineral
dissolution. At the same acid-etching time, the sample forms more
dissolution pores and connected fractures, enhancing heteroge-
neity and looseness, thus reducing mechanical properties and
intensifying shale damage degradation (Fig. 14). This contributes
to improving downhole shale fracturing permeability and
enhancing shale gas extraction efficiency (Fig. 23).

4. Conclusions

This study employed the SHPB technique to prepare dynami-
cally impacted rock samples under three-dimensional stress,
simulating actual perforation fracturing operations. The damaged
shale samples, along with undamaged samples, were subsequently
soaked in a 15% hydrochloric acid solution to prepare composite-
damaged and acid-etched rock samples with varying acid expo-
sure times, simulating the rock state under perforation fracturing
combined with acidification for enhanced permeability. Uniaxial
compression tests, XRD experiments, and SEM analyses were
conducted on the shale samples under different damage states.
SEM images underwent binarization, and together with low-
temperature nitrogen adsorption tests, the influences of different
damage treatments on the mechanical properties, energy dissi-
pation, micro-morphology, and pore characteristics of the rock
samples were systematically studied. The main conclusions are as
follows:

(1) Synergistic degradation of mechanical properties: Impact
damage and acidization exhibit synergistic degradation on
shale mechanics. Damage treatments reduce peak stress
and elastic modulus while increasing peak strain. Mechan-
ical properties and elastic modulus are inversely propor-
tional to acid-etching time. Combined-damage shales show
lower peak stress and elastic modulus than single acid-
etched shales at the same time. The mechanical properties
of combined-damage sample SA28d are the Ilowest
(14710 MPa), representing a 43.53% reduction from the
Blank group.

4132

Petroleum Science 22 (2025) 4117-4133

(2) Energy dissipation enhancement: The untreated Blank
sample has the highest total energy and elastic strain en-
ergy. Damage treatments decrease both while increasing the
dissipated energy ratio. The dissipated energy ratio is posi-
tively correlated with acid-etching time. Combined-damage
samples show higher ratios than single acid-etched ones.
SA28d has the highest ratio (34.74%), 30.23% higher than
Blank (4.51%), indicating that damage treatments increase
internal micro-cracks and local damage, with synergistic
perforation-acidizing causing more pronounced
degradation.

(3) Changes in micro-morphology due to acid etching: Un-
treated shale features a dense microstructure with tightly
embedded white mineral particles and minimal micro-
pores. Acidization reduces mineral particle size, increases
inter-particle pores and micro-cracks, and fragments the
interface. Compared to single acid-etched samples,
combined-damage shales have more numerous and denser
pores, with a more fragmented overall structure.

(4) Pore structure optimization: Untreated shale has the lowest
total porosity, while combined-damage sample SA28d has
the highest. Acid-etching decreases the micropore volume
ratio and increases mesopore/macropore proportions.
Porosity increases with prolonged acid immersion. Com-
posite treatment of impact damage and acidization signifi-
cantly enhances mesopore/macropore ratios compared to
single acidization.

In summary, when employing perforation-acidification tech-
nology for shale gas extraction, perforation induces mechanical
damage, forming weak structural planes and micro-cracks. Acid-
ization promotes carbonate dissolution and clay mineral hydro-
lysis, expanding pores/fractures, degrading microstructures, and
weakening mechanical properties. Longer acid exposure enhances
pore development, fracture connectivity, and mechanical damage,
improving fracture network complexity and gas desorption/
migration efficiency. For low-permeability/low-porosity shale, it is
recommended to adopt a combined operation mode of perforation
and acidification (15%) to enhance permeability. Short-term acid-
ization (< 7 d) maintains bearing capacity, while long-term acid-
ization (> 14 d) optimizes permeability to enhance shale gas
recovery efficiency.
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