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Abstract: The occurrence of hydrogen sulfide (H2S) gas
gusher accidents is a worrying engineering disaster during
tunnel construction travel through stratum adsorbed with
H2S. To mitigate the risks associated with H2S, alkaline
solutions are applied within the tunnel and injected into
the rock mass ahead of the tunnel face to neutralize and
eliminate the adsorbed H2S. Samples from the Huangjiagou
tunnel in southwestern China are systematically investi-
gated to understand the interaction between H2S-adsorbed
limestone and calcium hydroxide (Ca(OH)2) solutions at
concentrations of 1, 3, and 5%. The results indicate that
exposure of the limestone to Ca(OH)2 solution leads to
the erosion of aluminum silicate minerals and the subse-
quent precipitation of potassium feldspar crystals. The uni-
axial compressive strength and modulus of elasticity of the
limestone decreased by 48.82 and 28.31%, respectively, fol-
lowing an exponential trend as the concentration of Ca
(OH)2 solution increased. Additionally, an increase in the
number of abrupt energy changes detected via acoustic
emission is observed in limestone treated with higher con-

centrations of alkaline solutions. Energy evolution analysis
indicates that alkaline-treated limestone exhibits significantly
enhanced energy dissipation capacity during the loading pro-
cess, making dissipative energy more likely to dominate.

Keywords: tunnel engineering, H2S treatment, Ca(OH)2
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1 Introduction

With the swift economic growth, the capacity of existing
ground transportation infrastructures has often been out-
paced by the surge in vehicular numbers, necessitating
accelerated infrastructure development, particularly of road
and rail tunnels, which are pivotal in easing traffic congestion
[1–4]. However, when encountering coal measures or gas-
bearing strata, tunnel construction poses challenges due to
the complex and unpredictable geological conditions that can
lead to gas gushers and other safety hazards [5–7]. Gases
typically consist of alkane gases, with trace amounts of non-
hydrocarbon gases like hydrogen sulfide (H2S) and carbon
dioxide (CO2), which confer hazardous properties such as
flammability, toxicity, and asphyxiation risks [8]. H2S, in par-
ticular, is a significant toxicant and a threat to human health
[9,10]. Current underground engineering, especially in tun-
neling through coal seams or gas-bearing strata, focuses on
controlling gas content, preventing gas gusher incidents, and
avoiding gas-induced explosions [11–13]. Despite the preva-
lence of H2S in underground works, a scarcity of research
on its management during tunnel construction is highlighted,
indicating a need for further exploration and solutions.

H2S-adsorbed formations are globally widespread, with
incidents of abnormal H2S emissions reported during con-
struction activities in various regions [14,15]. In China, H2S
concentrations as high as 378 ppm were recorded in the
Yuelong tunnel in Sichuan Province, and H2S concentrations
in the Hongdou Mountain tunnel in Yunnan Province
reached 430 ppm, both of which far exceeded the
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national safety standard of 6.6 ppm. H2S formation typi-
cally occurs deep underground under high temperature
and pressure, facilitating the chemical reaction of sulfur-
bearing minerals or organic substances with alkanes to
produce H2S [16,17]. This gas can maintain an adsorption–
dissociation equilibrium within the rock’s pores and cracks
and can persist for extended periods [18,19]. Additionally,
H2S maintains a dissolution–escape balance in groundwater,
which can be disrupted by excavation, leading to H2S surges
and increased safety risks for underground engineering
[20–22].

Chinese tunnel engineering has yet to establish specific
safety control standards for H2S risks, and current treat-
ment methods, often adapted from mining engineering,
include enhancing tunnel ventilation and applying alka-
line solutions. However, these measures are often insuffi-
cient for managing continuous H2S gas emissions
resulting from large-scale formation disturbances during
tunneling.

Scholars advocate for the direct injection of alkaline solu-
tions into rock layers as an efficient H2S removal method
[23,24]. This approach neutralizes H2S within rock formations
and reduces its presence in groundwater, mitigating H2S spill
risks. Limestone, common in tunnel engineering and espe-
cially in H2S-adsorbed formations, serves as an ideal medium
for H2S storage due to its porosity and fracture develop-
ment [25–28]. Alkaline solutions injection for H2S neutra-
lization may induce new cracks and pores within the rock
or on its surface and can reduce the bonding strength
between mineral particles [29–31]. Furthermore, secondary
precipitates formed by chemical reactions may obstruct ori-
ginal cracks and pores, affecting the mechanical proper-
ties and damage evolution of the surrounding rock under
external loads [32,33].

This study investigates limestone samples from coal
measure strata tunnels that were pre-adsorbed with H2S
and subsequently soaked in calcium hydroxide (Ca(OH)2)
solution. This research employs a suite of equipment,
including an X-ray diffractometer (XRD), gas permeability
meter, scanning electron microscope (SEM), multifunc-
tional rock mechanics test system, and an acoustic
emission (AE) experiment and acquisition system, to compre-
hensively analyze changes in sample permeability,
mineral composition, mechanical properties, and energy
release characteristics during failure. The results of
this study provide critical theoretical and data support
for analyzing rock’s dynamic mechanical properties under
loading, including creep, damage, and the effects of random
blasting loads on micro- and macro-scale strength.

2 Material selection and
experimental method

2.1 Sample collection and preparation

H2S, a perilous gas often found in conjunction with oil, gas,
and coal reserves, is predominantly produced by the con-
version of sulfur-containing organic materials under the
extreme temperatures and pressures found deep within
the Earth’s crust. To replicate the natural presence of H2S
within rock formations with precision, this research focuses
on limestone samples extracted from the Huangjiagou tunnel,
situated in the North Guizhou Plateau of southwestern China.
The tunnel runs through a mountainous area characterized
by dissolution landforms, classified as middle and low moun-
tain terrain. The terrain is diverse, with gradients ranging
from 20° to 55°. The average annual temperature in the con-
struction area ranges from 13 to 18°C. The working environ-
ment temperature in the tunnel, influenced by the ground
temperature gradient, varies between 17 and 30°C according
to field monitoring. Geological exploration, including field
investigations, has confirmed the presence of coal measures
in the Upper Permian Longtan Formation (P3l), with gas emis-
sions observed during tunnel construction.

This site of sample collection is depicted in Figure 1. To
ensure sample uniformity, intact blocky rocks, demon-
strating uniformity across the palm surface area, were
carefully selected for preparation. In accordance with the
Standard of Test Method for Engineering Rock Mass (GB/T
50266-2013), the extracted rock blocks were crafted into
two distinct forms: one, a fine powder with particle size
finer than 75 μm (200 mesh), was designated for XRD ana-
lysis to identify the sample’s mineral constituents; the
other, a cylindrical specimen measuring 25 mm in dia-
meter and 50mm in height, was fashioned for experiments
assessing rock mechanics and AE characteristics.

2.2 Experimental methods

To replicate the natural conditions of H2S-adsorbed rocks
and investigate the subsequent alterations in rock damage
characteristics following treatment with Ca(OH)2 solution,
this study began with H2S adsorption experiments on lime-
stone samples. The experimental parameters for H2S concentra-
tion were calibrated using the most severe recorded leakage
incident in the tunnel, which peaked at 500 ppm [23]. According
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to the Coal Mine Safety Regulations amended by China’s Min-
istry of Emergency Management in 2022, a gas pressure of
0.74MPa or higher indicates a risk of outburst in the coal (or
rock) layer. Based on the safety regulations and the measured
ambient temperature in the tunnel, the H2S immersion experi-
ment was performed at a pressure of 1MPa and a temperature
of 26°C. The soaking time for the Ca(OH)2 solution was set to
24 h, in accordance with the 24-h cycle mechanical excavation
method used in the construction of theHuangjiagou tunnel, and
its effects were evaluated under actual construction conditions.

In the experimental setup, limestone samples were
placed in a sealed gas chamber. After evacuation, a mixture
of H2S and nitrogen gas was introduced, with the H2S con-
centration carefully adjusted to 500 ppm through nitrogen
dilution. Upon completion of the H2S adsorption phase, the
samples were quickly transferred to pre-prepared Ca(OH)2
solutions for immersion. Three distinct concentrations of 1,
3, and 5% were used, with a treatment duration of 24 h.

As illustrated in Figure 2, the experimental setup
employed in this study provided the foundation for a series
of post-treatment analyses aimed at elucidating the phy-
sical and mechanical properties of the limestone samples.
Post-treatment, an array of sophisticated analytical techni-
ques was deployed to elucidate the physical and chemical
attributes of the limestone samples. The surface mor-
phology was scrutinized and analyzed using a JEOL
JSM-7800F field emission scanning electron microscope (FE-
SEM), both pre- and post-treatment. A Bruker XRD, equipped
with a Cu-Kα radiation source, was engaged to probe the

powder samples and ascertain the mineral composition of
the limestone. The permeability of the limestone samples
was gauged using an AP-608 meter. Mechanical property
assessments were executed using the GCTS RTR-1800 rock
mechanics test system, which performed a suite of mechan-
ical property tests on the cylindrical specimens to evaluate
the strength and deformation characteristics of the lime-
stone. Concurrently, the AE activity of the rocks under
load was vigilantly monitored using the PCA Express 8 AE
system, offering insights into the rock’s response to mechan-
ical stress.

3 Experimental results and analysis

3.1 Mineral composition and microscopic
characteristics

H2S has a dissolution ratio of 2.6:1 in water and a relatively
high solubility [34]. When H2S comes into contact with Ca
(OH)2 solution, an acid–base neutralization reaction will
occur. H2S dissolves in water to produce binary weak
hydrogen acid. Sulfuric acid is continuously consumed by
alkaline solutions until it is completely neutralized and
absorbed [35,36]. In the alkaline environment provided
by Ca(OH)2 solution, H2S molecules are fixed in the form
of CaS solids. Specific reactions are shown below [37]:

Figure 1: Huangjiagou tunnel sampling site. (a) Location in China, (b) geological schematic of the tunnel’s longitudinal section, (c) sampling location at
the tunnel working face, and (d) prepared samples.
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( )+ = ↓ +H S Ca OH CaS 2H O.2 2 2 (1)

The neutralization and absorption of adsorbed or free
H2S in Ca(OH)2 solution is not instantaneous, but a dynamic
and continuous process. H2S dissolved in water produces
binary weak acid hydrosulfuric acid and gradually ionizes
H+ ions. H+ ions are preferentially neutralized by OH− ions,
and there may still be a small amount of H+ ions that come
into contact with minerals in the rock and chemically
react. After all, H2S is neutralized and absorbed by Ca
(OH)2 alkaline solution; the aqueous solution with OH−

ions as the main alkaline environment can continue to

have physical and chemical interactions with minerals in
rocks.

The mineral composition of whole rocks, post-treat-
ment with a range of Ca(OH)2 solution concentrations, is
illustrated in Figure 3. By employing XRD analysis, a semi-
quantitative technique, we ascertained the proportional
makeup of the various minerals present, thereby profiling
the mineralogical composition of the rocks. The ionization
of H2S in water results in the generation of H+ ions, which
predominantly react with carbonate minerals such as cal-
cite (CaCO3) and dolomite (CaMg(CO3)2). Within the alkaline

Figure 2: Experimental system and testing equipment.

Figure 3: Mineral components of limestone under different treatment conditions.
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milieu established by Ca(OH)2, dolomite experiences dedo-
lomitization, transforming into calcite [38]. Intriguingly,
the concentration of Ca2+ within the solution exerts a sub-
stantial influence on the calcite and dolomite content, with
elevated Ca2+ levels curtailing the dissolution of these car-
bonate minerals, a consequence of their aqueous solubility.

Under alkaline conditions, feldspar minerals display a
negative dissolution rate per unit area, signifying a trend
toward precipitation. This occurrence is ascribed to the
chemical interplay between the alkaline solutions and alu-
minosilicate minerals, including kaolinite and illite, culmi-
nating in the genesis of amorphous aluminosilicate-altered
minerals. These amorphous entities, upon integrating with
metallic elements suspended in solution, precipitate as
feldspar minerals [39]. Moreover, an antagonistic relation-
ship is observed between potassium feldspar and calcium
feldspar, characterized by their immiscibility [40,41]. Pre-
dominantly, in limestone where feldspar minerals are
chiefly potassium feldspar, an induced precipitation pro-
cess favors potassium feldspar. This intricate interplay of
minerals and chemical reactions provides a nuanced per-
spective on the alterations in rock mineralogy following
treatment with Ca(OH)2 solutions, offering insights into
the geological and material science implications of such
processes.

The possible reactions between Ca(OH)2 and hydrosul-
fide-bearing limestone minerals [42–44] are shown in equa-
tions (2)–(5).

Dolomite:

( ) ( )+ → + +− −
CaMg CO 2OH CaCO Mg OH CO .3 2 3 2 3

2 (2)

Illite:

( )( ) [( ) ]( )

( )

+

→ + + + +

+ −

+ + + +

K, H O Mg, Fe Si, Al O OH OH

Al OH K Fe Mg SiO .

3 2 4 10 2

3
2 2

3

2
(3)

Kaolinite:

( ) ( )+ → + +− −
Al Si O OH 4OH 2Al OH 2SiO 5H O.2 2 5 4 3 3

2
2 (4)

Feldspar:

( )+ +

→ ⋅ ⋅ +

+ −

−

2K 2Al OH 6SiO

K O Al O 6SiO 10OH .

3 3

2

2 2 3 2

(5)

This study investigates the impact of alkaline solutions
treatment on the microstructure of limestone using FE-
SEM. As illustrated in Figure 4, the microstructural com-
parison of limestone samples before and after Ca(OH)2
treatment reveals significant crystallization and precipita-
tion of potassium feldspar on the rock’s surface. Post-treat-
ment SEM imaging further indicates that these newly
formed feldspar crystals were loosely deposited within
the pores and cracks.

The formation of potassium feldspar deposits is linked
to the chemical corrosion of silicate minerals, such as kao-
linite and illite, within the limestone. The alkaline environ-
ment created by the alkaline solutions treatment leads to
the dissolution of these minerals, resulting in the forma-
tion of an amorphous aluminosilicate phase. Concurrently,
potassium ions are released into the solution. These amor-
phous aluminosilicates then recombine with the potassium
ions, leading to the precipitation of potassium feldspar.

Additionally, SEM images indicated the presence of
distinct corrosion marks on the limestone surface, coin-
ciding with the potassium feldspar precipitation. This sug-
gests that the original pore structure of the limestone was
not only corroded but also expanded due to the action of
the Ca(OH)2 solution.

3.2 Permeability characteristics

In the realm of physics, an escalation in gas permeability
within a rock typically signifies an augmentation in the

Figure 4: Corrosion and precipitation phenomena at identical locations on samples before and after treatment with 3% Ca(OH)2 solution. Potassium
feldspar crystals precipitated on the rock surface (I, II) accompanied by evident alkali corrosion marks (III, IV, V).
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interconnectedness of its pore and fissure network. This
enhanced interconnectedness exerts a dual impact on the
tunnel’s surrounding rock: First, it aids in bolstering the
efficacy of alkaline solutions in controlling H2S emissions,
as the improved pore connectivity facilitates the dispersion
and infiltration of the alkaline solutions throughout the
rock matrix. Second, the permeability uptick is also indi-
cative of the dilation of the rock’s pores and fractures,

implying a transition in the rock’s internal architecture
from a compact to a more porous state.

Figure 5 delineates the variations in gas phase perme-
ability of limestone samples following treatment with Ca
(OH)2 solutions of varying concentrations. The limestone
samples exhibited a baseline permeability range of 2.4 ×

10−18 m2 to 2.6 × 10−18 m2 prior to their immersion in the Ca
(OH)2 solution, attesting to their comparable initial gas
phase permeability. Post-treatment, the gas permeability
of the limestone samples varied markedly, with the sam-
ples treated with a 5% concentration of Ca(OH)2 witnessing
the most pronounced increase, soaring to 278.26%.

The relationship between the concentration of the
alkaline solutions and the gas-phase permeability of lime-
stone samples has demonstrated a strong positive correla-
tion: within the concentration range of 5%, the higher the
concentration of the alkaline solutions, the greater the gas-
phase permeability of the limestone samples with which it
comes into contact. This change indicates that after expo-
sure to Ca(OH)2 solution, the limestone undergoes erosion
and develops a more interconnected network of pores and
fissures. The rock evolves from a dense state to a more
porous condition, with the degree of rock damage increasing
rapidly over the same period of time as the concentration of
Ca(OH)2 solution increases.

Figure 6 illustrates a schematic representation of the
erosion of microscopic limestone particles in an alkaline
solution. A comparison of the SEM images of limestone

Figure 5: Permeability changes in limestone before and after Ca(OH)2
treatment. Untreated limestone shows stable permeability, while treat-
ment significantly increases it.

Figure 6: Schematic representation of the erosion of limestone in contact with Ca(OH)2 solutions of varying concentrations.
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before and after treatment with an alkaline solution reveals
that Huangjiagou tunnel limestone contains abundant pri-
mary pores in its natural state. In an alkaline solution, OH−

ions penetrate the rock through these pore structures,
eroding the mineral particles within the limestone and
resulting in a loose contact between them. As the concentra-
tion of Ca(OH)2 solution increases, more OH− ions occupy the
pore structure of the limestone, intensifying the corrosion
and dissolution of the cementedmaterial among themineral
particles within the limestone’s microstructure. This process
leads to the stripping and loosening of mineral particles.
Simultaneously, the potassium feldspar precipitates formed
by the alkaline solutions only loosely adhere to the surface
of the pore structure, failing to effectively strengthen the
rock structure. Therefore, the development and expansion
of the pore structure are significantly enhanced as the con-
centration of alkaline solutions increases, leading to a rapid
increase in the looseness of limestone after immersion,
resulting in a more permeable and less dense rock state.

3.3 Mechanical damage characteristics

Complete stress–strain curves are instrumental in charac-
terizing the deformation and failure processes of rocks,
providing a comprehensive picture of their mechanical
behavior under stress. Figure 7 illustrates the stress–strain
curves derived from the outcomes of uniaxial compressive
strength tests. The curves reveal that limestone exhibits

typical brittle failure characteristics during the deformation
and failure process under various treatment conditions.

The interaction between limestone and Ca(OH)2 solu-
tion leads to significant alterations in the rock’s micro-
structure and mechanical properties. This study examines
the erosion of limestone upon contact with Ca(OH)2
solution, resulting in the formation of new pores and
micro-cracks. Concurrently, the solution reacts with the
limestone’s minerals, particularly promoting the precipita-
tion of feldspar minerals, with a notable increase in potas-
sium feldspar content.

The study observes that the void closure point of the
limestone, which is the stress–strain level at which internal
pores and cracks close under external loads, decreases with
increasing concentrations of Ca(OH)2. The stress at the void
closure point reduces from an initial 29.91 to 26.31, 22.85, and
21.37MPa, corresponding to decreases of 12.03, 23.60, and
28.55%, respectively. This trend indicates that the erosion
caused by the alkaline solutions treatment enhances the
compaction of limestone voids, with the effect intensifying
as the alkaline solutions concentration increases, as shown
in Figure 8.

Additionally, the strain at the void closure point also
shows a decreasing trend, suggesting that the rock’s response
to stress during compaction is altered by the treatment. The
relationship between the strain at the void closure point, the
potassium feldspar content, and the alkaline solutions con-
centration is further analyzed, revealing a significant correla-
tion (Figure 8). The increase in potassium feldspar content,
attributed to the precipitation from the alkaline solutions
mineral reaction, influences the rock’s mechanical behavior.
The stress–strain analysis of the compaction stage shows that
although the precipitation reaction exceeds the erosion reac-
tion to a certain extent, the precipitated potassium feldspar
cannot provide sufficient bearing capacity for the rock. Con-
sequently, the treated limestone compacts at a lower stress
level at the void pressure closure point, with a reduced stress
variation during this process.

The mechanical properties of limestone samples treated
with Ca(OH)2 solution showed a significant decline. Figure 9
shows the changes of peak uniaxial compressive strength
and elastic modulus of alkaline solutions concentration in
different samples. The results show that the uniaxial com-
pressive strength of limestone is 107.71MPa before treat-
ment. However, when the samples were soaked with Ca
(OH)2 solution at 1, 3, and 5% concentrations, the uniaxial
compressive strength decreased to 65.86, 58.33, and
55.13 MPa, respectively, with a decrease ratio of 38.85,
45.85, and 48.82%. In addition, the elastic modulus of
the rock also decreases significantly, from 7.11 GPa of
the unsoaked sample to 5.91, 6.01, and 5.09 GPa,

Figure 7: Stress–strain curves of limestone under different treatment
conditions. The red dots denote the complete closure of pores, signifying
the onset of the elastic deformation stage.
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respectively, by 16.76, 15.35, and 28.31%. By observing the
trend of uniaxial compressive strength and elastic mod-
ulus with the concentration of Ca(OH)2 solution, we found
that the uniaxial compressive strength and elastic mod-
ulus decreased significantly with the increase of the con-
centration of Ca(OH)2 solution, and the decreasing trend
showed a significant exponential correlation with the
concentration of Ca(OH)2 solution.

The failure process of brittle rock usually begins with
the gradual initiation of cracks under load. With the con-
tinuous increase of load, stress concentration will occur at

the crack tip. When the maximum allowable stress value at
the crack tip exceeds its limit value, the crack will become
unstable and expand rapidly. During this process, damage
accumulates inside the rock. Finally, under the continuous
action of load, crack propagation penetrates the entire rock
sample, leading to rock failure [45–47]. The compressive
strength of limestone decreases more significantly than its
elastic mode, which shows that the maximum allowable
stress value of the crack tip inside the rock is highly sensi-
tive to the erosion action of Ca(OH)2 solution. The elastic
modulus is a key parameter to evaluate the resistance of a
material to deformation in the elastic range, while the
compressive strength directly reflects the maximum load
that a rock can bear. Compared with the trend that the
compressive strength changes with the concentration of
alkaline solutions, the elastic deformation resistance of lime-
stone decreases slightly. This indicates that the bearing
capacity of rock is more affected by the concentration of
alkaline solutions than the elastic deformation resistance.

When the Ca(OH)2 solution contacts the limestone,
cementing materials such as clay minerals within the
rock are rapidly eroded. The originally strong Si–O–Si
bond, which bonds clay particles, transforms into the
weaker H–O–H bond, leading to a rapid decline in the
bonding strength betweenmineral particles. Under loading
conditions, dislocation and slippage are more likely to occur
within limestone meso-structures, while micro-cracks
formed due to the lack of cementing materials become the
dominant fracture paths under stress. As the concentration
of alkaline solutions increases from 1 to 3 and 5%, the
corrosion effect becomes more pronounced but stabilizes

Figure 8: Variation characteristics of stress and strain at pore closure point and potassium feldspar content in limestone.

Figure 9: Variation characteristics of elastic modulus and compressive
strength of limestone with alkaline solutions concentration.

8  Yugang Cheng et al.



thereafter. This phenomenon can be attributed to a substan-
tial increase in OH− ions within the pore structure; however,
the macro-scale pore structure of the rocks, which provides
the reaction space for OH− ions, remains largely unchanged,
as does the content of aluminosilicate minerals. Only by
increasing the concentration of alkaline solutions in pore
structure to promote pore development and expansion,
the effect on rock deterioration gradually enter the range
of marginal decline. Therefore, as the concentration of Ca
(OH)2 increases, the decline in rock mechanical properties
exhibits a logarithmic trend characterized by an initial rapid
decline followed by stabilization.

To delve deeper into the degradation characteristics of
limestone under the influence of alkaline solutions, this
study compares and analyzes the reduction ratios of uni-
axial compressive strength and elastic modulus of lime-
stone with the increased ratio of potassium feldspar (an
aluminosilicate mineral), which exhibits the most notable
changes among the mineral components. The comparative
analysis, as depicted in Figure 10, reveals a strikingly
similar pattern between the escalating content of potas-
sium feldspar and the diminishing trends of uniaxial com-
pressive strength and elastic modulus of limestone. Both
exhibit a pronounced exponential relationship and a shared
characteristic: a rapid initial phase of change that subse-
quently plateaus. A similar inflection point is observed in
this transition, indicating a shift from a rapid decline to a
more gradual change.

These findings underscore the pivotal role of alumino-
silicate mineral content in influencing the compressive
strength and elastic modulus of hydrosulfide limestone
following its immersion in a Ca(OH)2 solution. The degra-
dation of limestone’s mechanical properties appears to be

closely linked to the transformation and reactivity of its
aluminosilicate minerals, particularly potassium feldspar,
in response to alkaline solutions treatment.

3.4 AE characteristics of limestone

Figure 11 presents the AE ringing number, cumulative AE
ringing number, and stress–time curves for limestone sam-
ples immersed in varying concentrations of alkaline solu-
tions. This data indicates that the AE activity follows a
comparable pattern across different conditions, whether
the limestone has been treated with alkaline solutions or
not. Typically, the ringing count is relatively low, but it
significantly escalates at the threshold of the rock’s ulti-
mate stress capacity, where both the frequency and inten-
sity of acoustic vibrations peak. Moreover, during interrup-
tions in stress, there is an instantaneous increase in the
frequency and amplitude of the ringing counts.

Limestone samples that have been soaked in alkaline
solutions exhibit substantial AE events during the fracture
closure phase, a phenomenon not as pronounced in untreated
samples. The alkaline erosion affects the rock’s primary
minerals and cementing materials, compromising the rock’s
structural integrity and gradually damaging the rock ske-
leton. This damage results in a decline in the strength of
the rock’s skeletal elements and a reduced capacity to resist
deformation. As the pores and micro-cracks in the alkaline
solutions treated limestone close, significant damage and
destruction occur, accompanied by a multitude of substan-
tial AE events.

Furthermore, prior to treatment with Ca(OH)2, the fre-
quency of AE events in limestone samples is minimal during
the initial elastic fracture stage, with a slow increase in the
cumulative AE count. The number of AE events does not
surge until the limestone reaches the stable fracture expan-
sion phase under stress. In contrast, treated samples, due to
the damage to the rock skeleton’s internal structure from
alkaline erosion, experience rapid crack initiation and tran-
sition into a stable expansion state under external loads.
Throughout this process, the cumulative AE count escalates
sharply, reaching its peak as the samples enter the failure
stage.

Figure 11 illustrates that the patterns of AE energy
variation in limestone are fundamentally consistent across
different conditions. Typically, the release of AE energy is
relatively low. However, it reaches a peak near the rock’s
maximum stress value. Additionally, there is an instanta-
neous surge in energy release during moments of stress
discontinuity. An increase in the concentration of alkaline

Figure 10: Trends of elastic modulus and compressive strength of
limestone and potassium feldspar content.
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solutions in which the samples are immersed correlates
with a decrease in rock strength and an increase in the
amount of energy released. Throughout the loading pro-
cess, there are multiple regions where there is an abrupt
release of absolute energy, aligning with the timing and
progression of the primary fracture surface’s formation.
Broadly, the higher the relative displacement rate of the
main fracture plane, the greater the energy released. The
relative displacement rate of the main fracture surface
gradually decreases over the entire fracturing process,
indicating that the alkaline solutions treatment reduces
the sample’s energy retention capacity, thereby lessening
the intensity of deformation and failure.

The cumulative AE event count curve for treated lime-
stone exhibits a “continuous accumulation rise,” in contrast

to the “multi-step rise” pattern observed in untreated lime-
stone. This divergence suggests that in untreated lime-
stone, energy accumulates and stores under external
loading, with a low frequency of energy dissipation
and release before the crack extends to a critical state.
Conversely, when rock samples are subjected to alkaline
solutions, the internal energy of the rock is accompanied
by substantial energy dissipation and release as it loads,
weakening the rock’s resistance to deformation and
making it more susceptible to damage.

In summary, the AE monitoring provides a clear indi-
cation of the internal changes within limestone samples
due to alkaline solutions treatment, highlighting the pro-
gressive weakening of the rock’s structural integrity and its
increased propensity for damage under load.

Figure 11: AE characteristics of limestone at different Ca(OH)2 concentrations. (a) Untreated, (b) 1% solution, (c) 3% solution, and (d) 5% solution.
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4 Evolution law of limestone
damage and destruction energy

4.1 Characteristics of energy change

The deformation and failure process of rock is accompa-
nied by energy absorption, accumulation, dissipation, and
release. Part of the total energy (U) absorbed by the lime-
stone during loading is converted into elastic strain energy
(Ue) and stored in the rock, while the other part is dissi-
pated as dissipated energy (Ud) in the form of micro-crack
propagation and plastic deformation during deformation.
The energy conversion of sample deformation and failure
is a dynamic process, and its conversion relationship is as
follows [48]:

= −U U U ,d e (6)

where U, Ue, and Ud represent the total absorbed energy,
elastic strain energy, and dissipated energy (MJ m−3) of the
rock, respectively.

In the context of uniaxial compression, only the axial
force performs work, while the external force induces
deformation in the rock mass element. Assuming no heat
exchange occurs between the process and the external
environment, the total input strain energy resulting from
external work can be fully absorbed by the rock. The total
absorbed energy U and the elastic strain energy Ue can be
expressed as follows [49,50]:

( )( )∫ ∑= = + −
=

− −U σ ε σ σ ε εd
1

2
,

ε

i

n

i i i i

0
1

1 1 (7)

where σ and ε represent the axial stress and strain of lime-
stone, respectively; σi and εi denote the stress and strain values
corresponding to each point on the axial stress–strain curve

Figure 12: Energy variation of limestone at different Ca(OH)2 concentrations. (a) Untreated, (b) 1% solution, (c) 3% solution, and (d) 5% solution.
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=U σ E/2 ,e
2 (8)

where E is the elastic modulus.
Through the stress–strain curves of rock samples, the

internal energy characteristic curves of rock under dif-
ferent treatments can be calculated.

Figure 12 shows the variation characteristics of total
absorbed energy (U), elastic strain energy (Ue), and dissi-
pated energy (Ud) of limestone during loading. Limestone
soaked without Ca(OH)2 solution can absorb and carry
more energy when subjected to external loads. The main
reason for this difference is the erosion damage caused by
alkaline solutions treatment to the internal structure of
limestone. In particular, as one of the main components
of the rock, the proportion of the mineral composition of
the aluminosilicate minerals has changed greatly, which
means that the minerals inside the rock have produced a
large number of chemical reactions. These reactions lead

to the weakening of the cementation between mineral par-
ticles inside the rock, resulting in the weakening of the
structure and the reduction of the deformation resistance
of the rock. During the loading process, the elastic defor-
mation ability of limestone is weakened, and the storage
and accumulation capacity of elastic strain energy (Ue) is
decreased. The peak elastic strain energy (Ue) of limestone
under untreated conditions decreased from 0.78 to 0.29,
0.23, and 0.20 MJ m3, and the decreases reached 62.82,
70.51, and 74.34%. Alkaline solution erosion has significant
effects on the total absorbed energy (U) and elastic strain
energy (Ue) of rock samples, indicating that treated lime-
stone dissipates more energy in the deformation stage
before brittle failure, and the dissipative properties of
the rock are enhanced. This shows that the rock samples
treated with alkaline solutions are more prone to crack
initiation and development during loading. At the stage

Figure 13: Energy partitioning evolution of limestone at different Ca(OH)2 concentrations. (a) Untreated, (b) 1% solution, (c) 3% solution, and (d) 5%
solution. Ue/U and Ud/U denote the proportions of elastic strain energy and dissipated energy to the total energy, respectively, while Ue/UeMax

represents the normalized ratio of dissipated energy to its maximum value.
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of compaction and elastic deformation, the soaked lime-
stone samples exhibit stronger energy dissipation charac-
teristics. With the continuous action of external loads,
rocks enter the stage of stable crack expansion, at which
the difference of dissipated energy (Ud) is more obvious,
and cracks and failures are more likely to occur under the
action of loads.

4.2 Analysis of damage evolution process

The ratio of elastic energy and dissipated energy to total
energy is an important parameter to reflect the law of
energy transformation in the deformation process of rock.
Figure 13 shows the proportional changes of elastic proper-
ties and dissipated energy of rock during uniaxial compres-
sion under four different treatment conditions, as well as
the evolution curve of damage variables based on energy
dissipation, so as to further observe the energy state and
damage behavior of rock during the mechanical response
process of rock.

The analysis results in Figure 13 show a high degree of
consistency in the patterns of energy evolution in the rock
samples under all treatment conditions. The ratio of dis-
sipated energy to total absorbed energy showed a trend of
rapid decline after a short increase in the initial stage. This
is because in the initial compaction stage of the rock, the
closure of the internal void leads to greater deformation
than the deformation of the rock skeleton, and the energy
dissipation in the rock is mainly due to the closure of
cracks and pores. When the proportion curve of dissipated
energy reaches its peak, its value begins to decrease line-
arly, while the proportion curve of elastic strain energy
increases linearly. Nevertheless, the proportion of dissi-
pated energy in the early stage is still higher than the pro-
portion of elastic energy. This indicates that the compaction
of the initial void inside the rock, the friction energy dissipa-
tion between mineral particles, and the initiation of new
cracks dominate the initial deformation stage under uni-
axial loading. At the same time, the elastic deformation of
the rock matrix continues, resulting in the accumulation
of elastic strain energy. With the continuous increase of
external load, the elastic strain energy ratio curve tends to
be gentle after rising for a period, and the elastic deforma-
tion of the rock skeleton approaches its limit state. Even-
tually, when the rock reaches its limit of strength and failure
occurs, the energy previously stored inside the rock is
rapidly released, and the dissipated energy reaches its peak.

The intersection of the dissipative energy ratio curve and
the elastic strain energy ratio curvemarks the transformation
of pore crack development and elastic deformation

dominance in rock. After this junction, the energy conversion
properties of the rocks begin to change. The specific stress–
strain behavior of limestone at the characteristic energy
transformation point is shown in Figure 14. For alkaline solu-
tions treated limestone, with the increase of alkaline solu-
tions concentration, the intersection point shifts to a higher
external load, indicating that the limestone needs more
external energy input when it reaches the equilibrium state
of dissipative energy and elastic strain energy.

Further analysis of the stress–strain relationship between
the concentration of alkaline solutions and the stress–strain
value at the energy transition point shows that there is an
obvious linear correlation between the concentration of
alkaline solutions and the stress–strain value at the
energy transition point. This shows that in the range of
Ca(OH)2 concentration ≤5%, with the increase of alkaline
solutions concentration, the energy dissipation characteristics
of limestone are enhanced, and more of the total absorbed
energy is converted to the dissipation of cracks in the rock,
rather than being stored as elastic strain energy. This phenom-
enon shows that the energy release rate and damage evolution
rate of the alkaline solutions treated limestone increase signif-
icantly with the increase of alkaline solutions concentration.

5 Conclusion

(1) Upon immersion in a Ca(OH)2 solution, the limestone
undergoes a marked transformation in both its

Figure 14: Stress–strain behavior of limestone at the characteristic
energy transformation point. With increasing alkaline solutions concen-
tration and dominance of elastic strain energy (exceeding 50%), higher
stress and strain levels are required for deformation.
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internal structure and mechanical properties. Alkaline
erosion within the rock’s core leads to the degradation
of aluminosilicate minerals and the formation of sec-
ondary potassium feldspar precipitates. This process
results in the expansion of the limestone’s pre-existing
pores and fissures, significantly enhancing its perme-
ability. Concurrently, the newly formed precipitates
decrease the strain size of the rocks during compaction.
As the concentration of the alkaline solutions increases,
the variation in potassium feldspar content is observed to
correlate with the changes in uniaxial compressive
strength and elastic modulus of limestone. The interac-
tion between H2S-adsorbed limestone and Ca(OH)2 solu-
tion is crucial, as the chemical reactions involving alumi-
nosilicate minerals play a key role in the deterioration of
the rock’s mechanical integrity.

(2) After exposure to a Ca(OH)2 solution, a significant
decline is experienced by the uniaxial compressive
strength and elastic modulus of limestone. Upon elevating
the concentration of the alkaline solutions to 5%, a sub-
stantial reduction in these properties is observed, with
the uniaxial compressive strength and elastic modulus
plummeting by 48.82 and 28.31%, respectively. This sub-
stantial decrease underscores the pronounced detri-
mental impact of the alkaline solutions on limestone.
AE characteristic analysis reveals that limestone sub-
jected to Ca(OH)2 solution treatment exhibits notable AE
activity during the compression phase. During the elastic
deformation phase, the limestone that has been treated
exhibits an inclination toward the initiation and progres-
sion of cracks, with an increase in the regions of abrupt
AE energy changes. Notably, limestone samples treated
with a 5% concentration of Ca(OH)2 solution have demon-
strated a propensity for crack propagation even during
the elastic deformation phase.

(3) During the loading process, energy in limestone treated
with an alkaline solution is predominantly expended
and released through the initiation and propagation of
fractures, rather than being conserved. This results in a
markedly enhanced capacity for energy dissipation. In
limestone that has been treated with a Ca(OH)2 solu-
tion, the phase where dissipative energy is predomi-
nant is extended, and this effect intensifies with
increasing alkaline solution concentration. This obser-
vation indicates that as the concentration of the alka-
line solutions rises, greater damage is sustained by the
internal structure of the limestone and more pro-
nounced crack development is experienced.
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