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Abstract
Hydrochloric acid (HCl) extensively exists in deep underground projects, arising
from the transportation of industrial raw materials or fracturing fluids of
petroleum engineering. It results in corrosion, which can significantly impact the
stability of surrounding rock structures. Therefore, in‐depth analysis of the
degradation of rock corroded by the HCl solution is an essential task for un-
derground engineering. In this study, the granite specimens are initially treated
with the HCl solution with various concentrations. Then, the tests and analyses,
such as electrical conductivity (EC) measurements, mineral composition assays,
and Brazilian splitting tests, are employed to investigate the corrosion mechanism
of the HCl solution. Our results and findings are generally as follows: (1) As the
immersion time increases, the EC exhibits a relatively high level at pH value of 1,
a decreasing trend at pH value of 3, and an increasing trend at pH value of 5 and
7. (2) The HCl solutions with various concentration have different effect on
mineral composition, characterized by an increase in proportion of SiO2 and a
reduction in proportion of Na2O, Al2O3, K2O, MgO, and CaO, as the solution
pH value decreases. (3) After immersion in the solutions with pH values of 1, 3,
and 5, the tensile strength of the granite decreases by 23.85%, 20.84%, and
20.24%; the average stiffness of the specimen decreases by 29.29%, 23.43%, and
11.97%; the proportion of releasable energy increases by 6%, 4%, and −2%; the
releasable energy decreases by 54.96%, 26.09%, and 14.52%; and the dissipated
energy decreases by approximately 68.85%, 41.39%, and 5.41%, respectively. (4)
The evolution of physical and mechanical properties of the immersed granite
specimen can be analyzed from a chemical aspect. The corrosive action of HCl
cleaves Si–O and Al–O chemical bonds within the granite, particularly altering
the tetrahedral structures of its silicate components. This process involves
breaking existing chemical bonds and the formation of new ones, ultimately
destroying the silicate molecular structures. As the concentration of HCl
increases, the rate of these reactions accelerates, progressively weakening the
chemical bonds and consequently deteriorating the mechanical characteristics of
the granite. These findings can deepen our knowledge about the corrosion effect
of HCI solutions on natural surrounding rocks and serve as references for further
research on rock corrosion mechanisms in underground engineering.
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Highlights
• The study investigates how the electrical conductivity of the solution for
immersing the granite specimen changes under various HCl conditions.
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• The mineral composition of the granite specimen across the different HCl
treatments is analyzed and quantified.

• The tensile behavior and the energy evolution of the granite specimens during
the Brazilian splitting test are examined, with a particular focus on the effect of
different HCl conditions.

• The mechanism driving the changes in the physical properties is interpreted and
discussed from a chemical perspective.

1 | INTRODUCTION

The impacts of complex geological environments, such as
high temperature, high pressure, and acidic/alkaline
conditions, become increasingly significant as under-
ground engineering advances to greater depths. HCl is
widely used as a common industrial raw material and
serves as the primary component of fracturing fluids in
petroleum engineering. The effect of acid corrosion on
rock induced by industrial wastewater can be considered
as a chemical process (Figure 1). In addition, such cor-
rosion can lead to the degradation of the mechanical
properties of rock and influence the stability of under-
ground engineering. Meanwhile, underground engineer-
ing projects, such as basement, tunnel, and mining often
lead to the change of stress state of surrounding rocks
(Dai et al., 2024). It is well known that the tensile
strength of rock is much lower than the compressive
strength. Therefore, it is necessary to investigate the
tensile strength of rock corroded by HCl solution with
various concentrations.

Numerous scholars have widely studied the variations
in the physical and mechanical properties of rocks under
complex acid conditions. For example, the mechanical
properties, including elastic modulus, shear modulus,
and indirect tensile strength, generally decreased due to
acid corrosion (Alameedy et al., 2023; Nouailletas
et al., 2017; Tariq et al., 2021). Marangu (2021) and
Taghipour et al. (2016) revealed that the compressive
strength of limestone decreases as the concentration of

the acid solution increases. Grandclerc et al. (2018) and
Van den Eynde et al. (2013) investigated the corrosive
effects of acidic solutions on silicate and carbonate
minerals and pointed out a significant influence of the
dissolution processes on the porosity of carbonate and
evaporitic rocks.

Recent studies present the relationship between the
pH value of the acidic solution, reaction time, and the
degree of corrosion. Wang et al. (2023) conducted
the impact of acid concentration and immersion time on
the mechanical properties of rocks. When the specimen
was treated with an acid solution, the tensile strength
decreased by up to 84%, Young's modulus decreased by
up to 63.6%, and Poisson's ratio decreased by up to
40.7%. Based on triaxial compression, Chen, Chen et al.
(2023) studied the mechanical properties of sandstone
corroded by solution with different pH values. After pH
= 1 and a high temperature of 900°C, the mass, wave
velocity, and porosity of the sandstone decreased by
1.12%, 23.79%, and 2.58%, respectively.

The correlation between the mechanical properties of
rocks and the concentration of acid solution is also
investigated extensively. It is well known that the higher
the concentration of acid, the greater the degree of rock
corrosion. For example, Fan et al. (2023) and Li, Chen,
et al. (2019) revealed the reaction mechanism between acids
and rocks under various acid concentration conditions.
When the acid concentration increased from 12% to 24%,
the rate of the acid rock reaction rose correspondingly by
approximately 50%. Tao et al. (2022) investigated the

FIGURE 1 Illustration of acid corrosion to rock induced by industrial wastewater.
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marble corroded with acid solutions of varying pH values
and found that the compression strength and elastic
modulus of the rock specimen decreased as the acidity of
the acid corrosion increased.

Furthermore, people investigate the correlation
between the mechanical properties of rocks and the
reaction time of acidic solution. The longer the contact
time with the acidic solution, the greater the degree of
rock corrosion. Based on uniaxial compression test
results, acoustic emission monitoring, and X‐ray dif-
fraction experiments, Yu et al. (2023) investigated the
mechanical properties of granite under varying durations
of corrosion. As the duration of corrosion increased,
there was a 25.6% decrease in the uniaxial compressive
strength and a 38.3% decrease in the elastic modulus. Li,
Yu, et al. (2017) and Zhang et al. (2020) immersed
limestone in an acidic solution with a pH value of 3 for
varying durations to investigate its dynamic mechanical
properties. As the corrosion time increased, the porosity
of limestone increased from 0.32% in its natural state to
5.32% after 150 days, and the degree of deterioration in
tensile strength was found to be 32.52%. Chen, Wang
et al. (2023) and revealed the relationship between the
immersion time of acid solution and the compressive
strength of coal‐rock assemblages. The longer the
immersion time, the greater the damage and deteriora-
tion of the specimen, resulting in lower strength and
stability.

Besides, there are also findings about the electrical
conductivity (EC) and mechanical properties of rock.
Han et al. (2015) investigated the effect of parameters,
that is, porosity, grain aspect ratio, and water saturation
on the EC of the sandstone. The study reveals that
porosity is the dominant parameter in affecting the
electrical properties. Glover et al. (2000) investigated the
complex EC measurements of sandstone and found that
the frequency dependence of the EC was not significantly
affected in these sedimentary rock specimens with mod-
erate porosity and high permeability.

The aforementioned studies have revealed the reaction
mechanism and weakening effect on rock caused by acid.
However, there is not much attention given to the corro-
sive effect of acid on the mechanical properties of rock
and chemical bonds. It is well known that the variation of

the chemical bond may appear when the rock is corroded
by acid. Meanwhile, such change could induce variation in
physical properties, such as electrical conductivity, min-
eral composition, and mechanical behavior. Therefore, a
more comprehensive understanding of the mechanism of
physical properties of rock under acidic conditions is de-
manded. In this study, granite is selected as the research
subject due to its widespread distribution in underground
engineering and its high hardness. Then, a series of tests
and analyses are conducted on the specimens treated with
HCl solution at different pH values, including electrical
conductivity, mineral composition analysis, and the Bra-
zilian splitting test. Finally, the mechanism behind the
evolution of the physical properties is examined from a
chemical perspective.

2 | EXPERIMENTAL DESIGNS

2.1 | Specimen preparation

The rock specimens used in this study are homogeneous
granites from Linyi, Shandong Province, China. The
granite blocks are manufactured into cylindrical speci-
mens with a diameter of 50 mm, and a height of 25 mm,
in accordance with the ISRM standard for rock specimen
preparation. The upper and lower end faces of the
specimens are meticulously polished to ensure precise
parallelism and perpendicularity, with an error margin of
less than 0.2 mm. These specimens are then divided into
four groups, that is, A‐i, B‐i, C‐i, and D‐i (i= 1–2). The
mass and geometry information is listed in Table 1. It is
worth noting that the concentration of the solution of
group D is 0, that is, pH = 7, and group D is set as the
reference group to analyze the damage degree of the
specimens corroded by acid solution with different
concentrations.

2.2 | Experimental procedure

The ion concentration adjustment method is employed
to prepare a 10 mol/L HCl solution. Then the HCl
solution is used to prepare four acidic solutions with

TABLE 1 Experimental design of the corrosion test.

Size (mm) Chemical solution (mol/L)
Sample ID Diameter Height Mass (g) pH value HCl concentration Immersion time (days)

A‐1 49.90 24.88 124.116 1 0.100 23

A‐2 49.84 24.72 123.787

B‐1 49.92 25.60 127.989 3 0.010

B‐2 49.82 24.42 123.395

C‐1 49.82 25.70 128.088 5 0.001

C‐2 49.82 25.02 125.190

D‐1 49.96 25.10 124.846 7 0.000

D‐2 49.98 25.30 126.433

DEEP UNDERGROUND SCIENCE AND ENGINEERING | 3
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pH values of 1, 3, 5, and 7, which is typically used in
experiments to reveal the corrosion effect of rock (Huo
et al., 2020). Afterward, each specimen is immersed in
an acidic solution for a period of 23 days. The electrical
conductivity of the HCl solution is measured every 24 h
during this experiment process. Next, the mechanical
properties of the specimens are evaluated through
Brazilian splitting tests using the MTS816 servo system.
Finally, the fragment of the specimen is finely ground
and processed into preforming for the analysis of min-
eral composition.

The specific experiment procedure is as follows:

1. Dilute concentrated HCl with purified water to pre-
pare HCl solutions of pH values 1, 3, and 5, and
prepare the solution with a pH value of 7 using a
chemical treatment.

2. The specimens in each group are immersed in the
corresponding solution.

3. Measure the electrical conductivity of the HCl solu-
tion by using a waterproof EC/total dissolved solids
(TDS) tester with a frequency of 24 h.

4. After being immersed in the HCl solution for 23 days,
the specimens are in preparation for the Brazilian
splitting test.

5. Grind the fragments of specimens after mechanical
tests into fine powder, and prepare the preforming
using the powder metal press.

6. Employ a spectrometer to conduct mineral composi-
tion analysis.

The procedure mentioned above is illustrated in
Figure 2.

3 | RESULTS AND DISCUSSIONS

3.1 | EC variation of HCl solutions due to
corrosion

The measurement of EC is a prevalent technique that can
effectively indicate the concentration of salts in water
and reflect the corrosive effect of the HCl solutions on
rocks. The variations in EC of the HCl solutions with
different pH values are depicted in Figure 3. The evolu-
tion of the EC of group B, group C, and group D can be
divided into three stages: Stage I: the EC increases or
decreases rapidly; Stage II: the EC changes slowly; Stage
III: no significant variations in EC can be observed.

The initial EC of the solutions at pH values of 1, 3, 5,
and 7 are 9.99, 468.00, 75.50, and 77.30 µs/cm, respec-
tively. For group A (pH = 1), it is worth noting that the
EC remains unchanged, it may be due to the measuring
range of the EC/TDS tester. For group B (pH= 3), the
EC exhibits a linear decrease. After 9 days of immersion,
there is a significant drop of approximately 5.7%, ulti-
mately reaching a value of 383 µs/cm. In contrast to this
trend, at a pH value of 5 (group C), the EC exhibits an
almost linear upward trajectory. However, it experiences
a sudden decline of approximately 2.2% after 20 days of
immersion. Subsequently, it gradually increases once
again and then stabilizes at around 138 µs/cm. At a pH
value of 7 (group D), there is a nearly linear increase in
EC. Similar to group C, there is a sudden decrease of
4.2% after 20 days of immersion, followed by a gradual
recovery and stabilization around 144 µs/cm.

The EC of the HCl solution is attributed to the
presence of free ions. The higher the concentration of

FIGURE 2 Illustration of experimental procedure. (a, b) Facility and schematic diagram of EC test. (c, d) Facility and schematic diagram of
Brazilian splitting test. (e, f) Facility and schematic diagram of mineral composition analysis (f is modified after Aida et al. [2017]). XRF, X‐ray
fluorescence spectrometer.
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dissolved salt in the HCl solution, the greater the number
of ions present, resulting in an increased EC of the HCl
solution. The EC of the granite gradually increases when
it is immersed in the HCl solution with a lower concen-
tration. However, the EC gradually decreases in solution
with higher concentration. It can be observed that there
are no significant variations in the EC of the HCl solu-
tion in each group when the specimens are immersed in
the solution from 17 to 23 days. Therefore, it can be
considered that the majority of H+ and Cl− ions of the
HCl solution in each group have sufficiently reacted with
the granite. Both the granite and the HCl solution in each
group have reached a relatively stable state.

3.2 | Mineral composition variation of
granite material due to corrosion

X‐ray fluorescence (XRF) spectrometer is used to mea-
sure the mineral composition of the granite in each
group. ZSX Primus IV instrument is used in the experi-
ment. It is composed of four optical filters, and the
thickness of the beryllium window is less than 50 μm. As
mentioned in Section 2.2, before measuring the mineral
composition of the granite with XRF, a preforming of
the specimen should be prepared. Firstly, the fragments
of the fracture specimens are collected and ground into a
powder with a particle size of less than 0.3 mm. Subse-
quently, the boric acid mold and powder metal press are
used to prepare the preforming. Finally, the XRF spec-
trometer is used to determine the mineral composition of
the granite under different corrosion conditions.

The change in the mineral composition of the
granite induced by the HCl solution is shown sche-
matically in Figure 4. And SiO2, Al2O3, K2O, Na2O,
CaO, and MgO all react with HCl solution. The com-
position of the granite mainly consists of SiO2, Al2O3,
K2O, Na2O, CaO, and MgO (Figure 5). Immersion in
relatively high‐concentration HCl solutions may result
in a significant increase in the proportion of SiO2.
However, the amount of other mineral compositions
decreases. In detail, compared to being immersed in the
solution with a pH value of 7, the SiO2 content
increased by 0.72% and 2.89% after immersion in the
HCl solutions with pH values of 1 and 3. The contents
of Al2O3, MgO, CaO, Na2O, and K2O decrease by
0.24%, 0.05%, 0.08%, 0.05%, and 0.49%, respectively.
However, the effect of a relatively low concentration of
HCl solution on mineral composition is found to be
negligible. Additionally, the mass of the specimen
increases after being immersed in an HCl solution
(Figure 6). Furthermore, it should be noted that the
silica proportion also increases if the specimen is
immersed in such a solution.

3.3 | Tensile behavior change of granite
specimens due to corrosion

In the Brazilian splitting test, a thin disc specimen is
assumed to be loaded with a uniform pressure that is
radially applied over a short strip of the circumference at
each end of a diameter (Erarslan & Williams, 2012a). An

FIGURE 3 Electrical conductivity variation of the solutions after
immersion of the specimens.

FIGURE 4 The change of the mineral composition of the specimen induced by the HCl solutions.

FIGURE 5 The proportion of the mineral composition in different
groups.

DEEP UNDERGROUND SCIENCE AND ENGINEERING | 5
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important and fundamental assumption for determining
the tensile strength of rocks and rock‐like materials through
the Brazilian splitting test is that the material is considered
homogeneous, isotropic, and linearly elastic before brittle
failure (Fuenkajorn & Klanphumeesri, 2011).

The Brazilian splitting test is widely employed to
measure the tensile strength of rock for its simplicity of
operational and accurate assessment (Erarslan &
Williams, 2012b). The corrosion effect of HCl solutions
on the tensile strength of the granite can be determined
via the Brazilian splitting tests of the immersed speci-
mens. Thus, those results can provide a scientific refer-
ence for the assessment of rock stability in underground
engineering.

The Brazilian splitting test relies on applying radial
compressive loads to induce maximum tensile stress in
the specimen. The equation for calculating tensile stress
is known as follows:

σ =
π

P
DT
2

, (1)

where σ represents the tensile stress of the granite, MPa;
P represents the force applied by the loading system, N;
D represents the diameter of the granite, mm; T repre-
sents the thickness of the granite, mm.

3.3.1 | Load−displacement relationship

In this study, the MTS816 electro‐hydraulic servo mechan-
ical testing machine is used to measure the tensile strength of
the specimens. The loading rate is set as 0.002mm/s.

During the loading process, the specimens undergo
three distinct stages: linear elastic deformation, plastic
yielding, and failure (Yang et al., 2023). In the linear
elastic stage, stress rapidly increases as strain accumu-
lates. Subsequently, during the plastic‐yielding stage, the
slope gradually decreases while approaching the material
threshold, leading to microcrack formation within the
granite. Finally, in the failure stage, stress steadily
decreases with increasing strain as the main crack prop-
agates through the entire specimen, resulting in ultimate
failure.

Additionally, the increase in the concentration of the
HCl solution results in a decrease in both the duration of
linear elastic deformation and peak strength, thereby
reducing the load‐carrying capacity. The tensile strength
of the specimens is summarized in Table 2. The average
tensile strength of the specimens at pH values of 1, 3, 5,
and 7 is recorded and calculated as 3.80, 3.95, 3.98, and
4.99MPa, respectively. It is evident that the tensile
strength of the granite gradually decreases as the con-
centration of the HCl solution increases. As shown in
Figure 7, the tensile strength of the granite decreases by
23.85% at the pH value of 1, by 20.84% at the pH value
of 3, and by 20.24% at the pH value of 5. It can be
concluded that the mechanical properties of granite may
exhibit a significant degradation under the corrosion of
the HCl solutions. It is imperative to consider the impact
of an acidic environment when analyzing the stability of
surrounding rock in underground engineering.

3.3.2 | Average stiffness

The Young's modulus cannot be reliably determined in the
Brazilian splitting test due to the uneven distribution of
stress in the specimen. However, the applied load and the
displacement of the upper bearing block of the loading
machine can be used to evaluate the stiffness of the
specimen. The average gradient of the load−displacement

FIGURE 6 Mass change of the specimens after immersion into
HCI solutions.

TABLE 2 Tensile strength results.

Size (mm) Tensile strength (MPa)
Specimen ID pH value ΔD ΔH Peak strength Average Damage ratio (%)

A‐1 1 0.00 −0.22 3.10 3.80 76.15

A‐2 0.06 −0.24 4.50

B‐1 3 −0.04 0.26 3.95 3.95 79.16

B‐2 0.08 −0.88 /

C‐1 5 0.10 1.12 4.77 3.98 79.76

C‐2 0.00 −0.26 3.18

D‐1 7 −0.06 −0.40 5.40 4.99 100.00

D‐2 −0.08 0.12 4.57

Note: Slash (/) represents invalid data. ΔD and ΔH represent the change in diameter and height of the specimen.

6 | GAO ET AL.
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curve represents the average stiffness of the specimen
(Wong & Jong, 2014). The average stiffness of the speci-
men for each concentration of HCl solution is shown in
Table 3.

The load–displacement curves of the specimens cor-
roded by HCl solutions are shown in Figure 8. The
average stiffness of the specimens of group D (pH= 7) is
32.09 kN/mm, but that of specimens immersed in HCl
solutions with pH values of 1, 3, and 5 is 22.69, 24.57,
and 28.25 kN/mm, respectively. It is evident that the
lower the pH value, the lower the average stiffness.
The average stiffness of the granite decreases by 29.29%
at the pH value of 1, by 23.43% at the pH value of 3, and
by 11.97% at the pH value of 5. The stiffness of the
specimen is related to its Young's modulus since it rep-
resents the property of deformation resistance. There-
fore, it can be inferred that the corrosion effect caused by
acid may decrease the Young's modulus of the granite.

3.3.3 | Releasable energy and dissipated
energy

It is well known that there is an energy transfer and
transformation during the loading and failure process.
Quantitative analysis of the energy behavior can reveal
the deformation and failure mechanism of the specimens
subjected to the HCl corrosion.

According to the point of conservation of energy, the
relationship between the work of the external force and
energy can be described as follows:

= +W U V , (2)

∫ δ=
δ

W Pd ,
0

1

(3)

where W represents the work of the external force, U
represents the releasable energy of the specimen, V rep-
resents the dissipated energy of the specimen, P repre-
sents the force applied by the loading system, and δ1

represents the displacement of the upper bearing block.
The relationship between releasable energy and dis-

sipated energy, as well as total work, is illustrated in
Figure 9. The dissipated energy is irreversible as it is
associated with rock damage, such as crack initiation or
propagation. However, the releasable energy may dis-
appear when the loading pressure is relieved. According
to previous research, it can be observed that the average
slope of the unloading curve typically aligns with the
average slope of the loading curve (Feng et al., 2005).
Therefore, the releasable energy can be calculated using
the following equation:

δ=U P
1
2

,2 (4)

where δ2 represents the overall displacement minus the
displacement after the loading pressure is relieved.

Then, the dissipated energy can be calculated using
the below equation:

∫ δ δ= −
δ

V P Pd
1
2

.
0 1

1

(5)

TABLE 3 Average gradient of the load–displacement curves of the
specimens corroded by the solutions.

pH value 1 3 5 7

Average gradient (kN/mm) 22.69 24.57 28.25 32.09

Standard deviation 1.94 2.36 2.99 3.25

FIGURE 8 Typical load–displacement curves of the specimens
corroded by the HCl solutions.

FIGURE 9 Illustration of releasable energy and dissipated energy
(U stands for releasable energy and V stands for dissipated energy).

FIGURE 7 Tensile strength reduction of the specimens corroded
by the HCl solutions.

DEEP UNDERGROUND SCIENCE AND ENGINEERING | 7
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The change of releasable energy and dissipated en-
ergy of the granite subjected to HCl solutions with dif-
ferent pH values is shown in Figure 10. The releasable
energy of the specimen immersed in the solution with a
pH value of 7 is 1.25 J, but that of specimens immersed in
the solutions with pH values of 1, 3, and 5 is 0.56, 0.92,
and 1.07 J, respectively. The dissipated energy of the
granite treated by the solutions with pH values of 1, 3, 5,
and 7 is 0.15, 0.28, 0.45, and 0.47 J, respectively. The
decrease in pH value, that is, the increase in the con-
centration of the solution, may result in a decrease in
both releasable energy and dissipated energy. Figure 10
also shows the proportion of changes in releasable energy
and dissipated energy. The proportion of releasable en-
ergy of the granite increases by 6% at the pH value of 1,
by 4% at the pH value of 3, and by −2% at the pH value
of 5. Generally, the lower the pH value, the greater the
increase in releasable energy. Similar conclusions can be
obtained through the results of the dissipated energy.
Additionally, there is a nearly linear relationship between
releasable energy and the pH value of the solution.

Figure 11 shows the reduction of releasable energy
and dissipated energy. The reduction ratio of the
releasable energy of the granite decreases by 54.96% at
the pH value of 1, by 26.09% at the pH value of 3, and by
14.52% at the pH value of 5. It is evident that the lower
the pH value, the greater the reduction in releasable en-
ergy. There is a nearly linear relationship between
releasable energy and the pH value of the HCl solution.
The dissipated energy of the specimen decreases by
68.85% at the pH value of 1, by 41.39% at the pH value
of 3, and by 5.41% at the pH value of 5. Thus, the dis-
sipated energy of the specimen is not affected very much
by the HCl solution with a pH value of 5.

The dissipated energy is a fundamental characteristic of
rock deformation and failure. It reflects the progressive
development of micro‐defects within the rock matrix. The
strength gradually decreases until it is destroyed (Cao
et al., 2020). Consequently, energy dissipation directly cor-
relates with damage and strength loss. The magnitude of
dissipated energy can be used as an indicator for the degree
of failure of rock (Xie et al., 2005). The corrosion of the
solution on the granite results in a significant reduction of

dissipated energy, leading to great damage. Hence, besides
the degradation of mechanical properties, the view of energy
can be taken as another approach to interpreting the cor-
rosion effect of the HCl solutions.

4 | DISCUSSION

The microstructure of granite is primarily composed of
covalent bonds, including Si–O, Al–O, Si–OH, and
Al–OH, as well as the ionic bonds involving K+, Na+,
Ca2+, and Mg2+. The main structural units in granite are
(Si–O) tetrahedrons and (Al–O) octahedrons. When
granite interacts with the HCl solution, changes in its
microstructure occur, as illustrated in Figure 12. The ions
within these structural units are exchangeable, and
hydroxylation occurs at the mineral lattice surfaces in the
presence of the HCl (Li et al., 2016).

The mechanism of chemical bonding reactions of
silicate minerals is detailed in Figure 13. In these
reactions, the M atom represents either a Si or Al. Both
the covalent bonds (e.g., M–O and M–OH) and ionic
bonds in granite minerals react with HCl. Generally,
covalent bonds are stronger than ionic bonds. The quartz

FIGURE 10 Variations in releasable energy and dissipated energy
of the specimens corroded by the HCl solutions.

FIGURE 11 The reduction of releasable energy and dissipated
energy of the specimens corroded by the HCl solutions.

FIGURE 12 Schematic diagram of influence of HCl on
microstructure.
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in the granite, which contains covalent bonds M–O, has
the slowest dissolution rate, indicating that the cleavage
of the covalent bonds M–O is significant during the
reaction between HCl and siliceous mineral (Blumberg &
Stavrinou, 1960; Fogler et al., 1975).

Based on the test results in this study, it can be gen-
erally accepted that the corrosion effect of the HCl
solution on the granite induces significant changes in its
mass, mineral composition, microstructure, and mostly
mechanical properties. After immersion in HCl, there is
an observable increase in the mass of granite, along with
a rise in SiO2 content, while the concentrations of Na2O,
Al2O3, K2O, MgO, and CaO decrease. This dissolution
of silicate minerals contributes to an elevated salt con-
centration in the solution, thereby increasing its EC. As
mentioned above in the discussion, the chemical bonds,
specifically Si–O and Al–O, undergo cleavage due to the
corrosive action of HCl, leading to a reconfiguration of
the molecular structure of the silicates. This process
involves breaking original chemical bonds and forming
new ones, ultimately destroying the molecular structure
of the silicates. By comparing results from four groups
using solutions of various pH values in our tests, an
increase in acid concentration can possibly accelerate
these chemical reactions, further weakening the chemical
bonds and exacerbating the degradation of the mechan-
ical properties of the granite.

5 | CONCLUSIONS

In this study, the specimens are initially treated with HCl
solutions of different pH values. Subsequently, a series of
tests and analyses, such as EC, mineral composition, and
tensile strength of the granite specimens are conducted to
investigate the corrosion mechanism of the HCl solution.
Finally, the microscopic mechanism of the corrosion
effect is discussed in the view of chemical bonds.

1. The EC can reflect the change in the salt concentra-
tion of the HCl solutions. The concentration of the
ionic species is a key factor in the conductivity of the
solution. After immersion in the solutions with pH
values of 1, 3, 5, and 7, at pH value of 1, the EC value
remains at a high level, and it may be due to the
measuring range of the EC/TDS tester. At a pH value
of 3, the EC gradually decreases. At pH values of 5
and 7, the EC gradually increases. Finally, the EC
gradually showed no significant variations.

2. After being immersed in the solutions, there is a sig-
nificant increase in silica composition, while the pro-
portion of other mineral compositions decreases.
After being corroded by a solution of high concen-
tration of HCl, the SiO2 content increases by 0.72%,
while the Al2O3, MgO, CaO, Na2O, and K2O contents
decrease by 0.24%, 0.05%, 0.08%, 0.05%, and 0.49%,
respectively. However, the impact on substance
content caused by a solution of low concentration of
HCl is relatively insignificant.

3. The tensile strength, stiffness, and energy of the
specimen decrease with an increase in the concentra-
tion of the HCl solution. After being immersed in the
solutions with pH values of 1, 3, and 5, the tensile
strength of the specimen decreases by 23.85%, 20.84%,
and 20.24%, respectively. The stiffness of the specimen
decreases by 29.29%, 23.43%, and 11.97% respec-
tively. Additionally, the proportion of releasable en-
ergy increases by 6%, 4%, and −2%, respectively; the
releasable energy decreases by 54.96%, 26.09%, and
14.52%, and the dissipated energy decreases by
approximately 68.85%, 41.39%, and 5.41%, respec-
tively. It is evident that immersion in the HCl solution
significantly affects the mechanical properties of the
granite.

4. The corrosive action of HCl cleaves the Si–O and
Al–O chemical bonds within the granite, particularly
affecting the silicate tetrahedral structure. This pro-
cess breaks the original chemical bonds and facilitates
the establishment of new ones, ultimately destroying
the silicate tetrahedral arrangement. With increasing
acid concentration, the rate of these chemical
reactions accelerates, further weakening the chemical
bonds and deteriorating the mechanical character-
istics of the granite.
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