
Citation: Liu, D.; Pu, H.; Ni, H.;

Zhang, G. Experimental Study on the

Physical and Mechanical Properties of

Cemented Gangue Backfill under

Acid Mine Water Erosion. Appl. Sci.

2024, 14, 107. https://doi.org/

10.3390/app14010107

Academic Editor: Ricardo Castedo

Received: 2 November 2023

Revised: 15 December 2023

Accepted: 20 December 2023

Published: 21 December 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

applied  
sciences

Article

Experimental Study on the Physical and Mechanical Properties
of Cemented Gangue Backfill under Acid Mine Water Erosion
Dejun Liu 1, Hai Pu 1,2,* , Hongyang Ni 1 and Guohui Zhang 3

1 State Key Laboratory for Geomechanics and Deep Underground Engineering, China University of Mining
and Technology, Xuzhou 221116, China; ts18030026a31@cumt.edu.cn (D.L.); nhy@cumt.edu.cn (H.N.)

2 College of Mining Engineering and Geology, Xinjiang Institute of Engineering, Urumqi 830091, China
3 College of Mechanics and Civil Engineering, China University of Mining and Technology,

Xuzhou 221116, China; zghgclx@163.com
* Correspondence: haipu@cumt.edu.cn

Abstract: Ensuring the structural safety of cemented gangue backfill (CGB) is crucial for safe mining
operations. However, the complex mine water environment makes it susceptible to erosion by
chemical ions, which have a significant time dependency. In this study, we evaluated the appearance,
mass change, and unconfined compressive strength (UCS) of CGB during different chemical erosion
times. We also determined the effect of chemical ion erosion time on the stress threshold for crack
initiation and development in the specimens using acoustic emission (AE). Additionally, we examined
the chemical erosion mechanism of CGB by scanning electron microscopy (SEM). Our results showed
that as the erosion time increased, the CGB exhibited a decrease in brittleness and an increase in
plasticity. During the first 60 days of CGB, the internal micropores and microfractures of the CGB
were filled due to the hydration reaction and SO4

2− intrusion, resulting in increases in the UCS and
the mass of the CGB. However, as the erosion time continued, H+ and SO4

2− intruded into the interior
of the CGB, causing the erosion products of the CGB to expand in volume, leading to a decrease
in the strength of the CGB. Our analysis of the stress thresholds for microcrack development and
macrocracks initiation in the CGB showed an increase followed by a decline with time. After 60 days
of immersion, the stress threshold for microcrack initiation and macrocrack extension increased
by 20% and 6%, respectively. However, as the immersion time increased to 150 days, the stress
threshold for microcrack initiation and macrocrack extension decreased by 56% and 16%, respectively.
Therefore, the design of CGB safety needs to consider the long-term effects of chemical attacks
on CGB.

Keywords: chemical erosion; mechanical propertied; acoustic emission; stress threshold;
erosion mechanism

1. Introduction

Underground mining can create large underground cavities and leave large amounts
of mine waste on the surface. Without proper support, an underground chamber can
easily lead to surface subsidence. The disposal of mine wastes on the Earth’s surface can
cause problems such as acid mine drainage [1]. In the last few decades, CGB has become
one of the effective methods to solve the problem of gangue solid waste discharge and
surface subsidence during mine production [2–4]. The hydrogeological structure of China’s
coal-producing areas is complex, and the coal-mining process is often accompanied by the
generation of large quantities of mine water [5]. Due to the high number of sulfide minerals
(usually pyrite in coal seams), sulfide minerals are susceptible to oxidation when exposed
to water and oxygen during coal mining, making the mine water acidic [6]. According
to statistics, the mine water from many coal mines worldwide commonly contains Ca2+,
Mg2+, HCO3

−, SO4
2−, and heavy metal ions, presenting a low pH value [7]. In China, the

pH of the mine water in coal mines is generally in the range of 2.5 to 5.8, and the pH of the
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mine water in certain areas can even reach 2.0, making the mine water rich in hydrogen
ions. As a cementitious material, CGB is internally susceptible to erosion by chemical ions
when it is in an acidic mine water environment, which affects the integrity and strength
of the material and fails to achieve the purpose of controlling surface settlement in the
long term [8]. Therefore, it is necessary to study the effect of chemical erosion time on the
mechanical behavior and fracture process of CGB, as well as the damage mechanism of
CGB under chemical erosion.

Sulfide minerals in contact with water and oxygen are prone to chemical reactions and
oxidation to sulfate (SO4

2−) and hydrogen ions (H+), which expose the CGB to external
chemical ions [9,10]. On the one hand, the hydrogen ions formed will destroy the hydration
products of cement; on the other hand, the sulfate ions will react chemically with the
hydration products to produce ettringite, which leads to a more complex change in the
strength of the CGB [11]. A lot of research work is currently devoted to the study of sulfate
changes in the physical and mechanical properties of the CGB [12–14]. It has demonstrated
that the initial sulfate content in the interior of the CGB significantly reduces its long-term
UCS, implying that one of the factors contributing to the structural deterioration of the
CGB is an internal sulfate attack. Guo et al. [15] studied the diffusion process of sulfate
ions in cemented gangue backfill material. The results showed that the diffusion rate of
sulfate ions was affected by the internal pore structure, and the changes in the internal pore
structure were related to the reaction products at different times. Dong et al. [16] showed
that sulfide erosion decreases the strength and structural stability of cementitious materials.
The most significant decrease in strength was observed in the CGB specimens with the
highest sulfur content. Wang et al. [10] investigated the effect of exogenous sulfate erosion
on the mechanical behavior and properties of CGB, and the results showed that the sulfate
concentration is a hydration product formation important factor which directly affects the
macroscopic behavior and volume of CGB before and after damage. The studies mentioned
above indicate that chemical ion erosion impacts the microstructure of CGB, which leads to
a change in the mechanical response. Therefore, it is crucial to investigate how chemical
erosion affects the stress threshold of CGB crack development. However, these studies
focus more on examining the changes in the macroscopic mechanical properties of CGB
due to chemical erosion rather than on studying its fracture behavior.

The acoustic emission (AE) signal can reflect both the material’s internal changes and
the material’s mechanical response under loading [17]. The acoustic emission technique is
helpful in analyzing the internal fracture process of chemically eroded CGB under loading.
Zhao et al. [18] studied the acoustic emission characteristics of backfill with different
ash-to-sand ratios under different loading modes. They found that the split specimens’
acoustic emission activity patterns were the same as those under uniaxial compression.
During the splitting test, the filled specimens did not exhibit any acoustic emission activity
and behaved calmly before the peak stress period. When the stress reached the peak,
the acoustic emission activity level became abnormally high and reached the maximum
value. Cao et al. [19] investigated the acoustic emission characteristics of colluvial ending
sands under different loading rates. They found that the distribution of ringing counts
during the loading process had a regular peak spacing. The cumulative number of ringing
counts also showed a “stepwise” growth trend and eventually stabilized. Wu et al. [20]
studied the effect of aggregate gradation on the acoustic properties of compressed cemented
mounds. They found that the acoustic emission signal activity was positively correlated
with the Talbot index of cemented mound aggregates. These findings contribute to a better
understanding of the AE characteristics of CGB during loading. However, most previous
studies have focused on the acoustic emission characteristics of filled bodies with different
material ratios or loading methods. The acoustic emission characteristics of CGB loaded by
chemical ion erosion have not been thoroughly investigated.

Considering the importance of the effect of chemical erosion on the performance of
cemented gangue backfill, this paper attempts to investigate the acoustic, mechanical, and
physical changes in CGB due to the erosion time of chemical ions. First, fresh CGB was



Appl. Sci. 2024, 14, 107 3 of 15

prepared and processed into standard samples. The samples were immersed in the same
pH solution for different times using the laboratory accelerated corrosion test method.
Then, we conducted a uniaxial compression test, recorded the acoustic emission signals,
and investigated the effect of chemical ion erosion on the damage characteristics of CGB
during loading using acoustic emission signals. Finally, the microstructure and chemical
composition changes in the eroded backfill were analyzed by SEM.

2. Material and Methods
2.1. Preparation of Material

Considering the main distribution area of acid mine water in China, the gangue used
was taken from a mining site in Jining, Shandong Province, the fly ash was taken from
a neighboring power plant, and the cement was ordinary silicate cement P.O 42.5. The
Talbot gradation index of the gangue particles, N, was taken to be 0.6. Combined with
the relevant research by scholars [21], the minimum diameter of the cylindrical specimen
must be more than five times smaller than the largest aggregate particle size. The gangue
samples collected from the mine site were crushed into finer particles, and then graded into
six different particle size intervals: (0.0–0.5) mm, (0.5–1.5) mm, (1.5–4.0) mm, (4.0–6.0) mm,
(6.0–8.0) mm, and (8.0–10.0) mm. The mass fraction of gangue for each particle size interval
was obtained using the Talbot gradation formula. The mass fraction of each interval of
particle size is shown in Table 1.

Table 1. Mass fraction of gangue particles in each particle size range.

Particle size range (mm) 0~0.5 0.5~1.5 1.5~4.0 4.0~6.0 6.0~8.0 8.0~10.0

Mass fraction (%) 16.57 15.47 25.67 15.89 13.87 12.53

The chemical compositions of gangue, fly ash, and cement used for the experiment
were tested, and the test results of the mass fraction of their main chemical compositions are
shown in Table 2. The specimens were made into cylindrical specimens of φ 50 × 100 mm
with a height-to-diameter ratio equal to 2 according to the International Society for Rock
Mechanics’ (ISRM) recommended methods and standards. The total water/cement ratio of
the specimen was taken as 0.75, and the material proportions of the specimen were 61.2 g
of cement, 6.8 g of fly ash, and 340 g of gangue.

Table 2. The physical parameters of selected samples.

Major Element Gangue (%) Cement (%) Fly Ash (%)

SiO2 55.7 20.41 47.45
Al2O3 19.88 6.01 26.28
CaO 1.58 64.95 7.11
MgO 2.00 1.27 0.85
Fe2O3 3.92 3.50 12.21
TiO2 1.63 0.18 0.41
SO3 0.20 2.17 0.73
K2O 0.12 0.47 0.95
LOI 14.92 1.88 3.93

2.2. Experimental Methods

This test adopted a laboratory accelerated erosion program; the erosion medium
selected sulfuric acid solution. First, H2SO4 solution with a concentration of 1 mol/L was
used to prepare, and the final pH value was 3.0. The cemented gangue backfill specimens
were immersed in the same pH value sulfuric acid solution in a container for 28 d. The
erosion times of cemented gangue backfill were set as 30 d, 60 d, 90 d, 120 d, and 150 d,
respectively. Excluding the initial time (0 d), three samples were tested at each erosion time,
totalling fifteen samples tested. The aqueous sulfuric acid solution was reformulated and
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replaced every three days during the test in order to keep the CGB specimens immersed in a
relatively constant pH environment. Then, the CGB specimens with different erosion times
in the aqueous sulfuric acid solution were taken out in time, wiped off the liquid on the
surface of the specimens, and put into the drying oven for 12 h (Figure 1). In the next step,
an MTS816 rock mechanics testing machine was used to carry out the uniaxial compression
test of the chemically eroded CGB specimens, and the acoustic emission signal monitoring
was carried out during the uniaxial compression test [22]. The AE signals generated
during experiment were collected by the AE sensor (R6α) provided by the AEWin acoustic
emission system manufactured in the United States. The operating frequency of this sensor
is 35–100 kHz. It is important to mention that before each acoustic emission test, it is
necessary to detect the noise level of the testing environment to set an appropriate acoustic
emission threshold. Finally, the immersed specimens were microscopically scanned with
an SEM electron microscope [23].
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Figure 1. Experimental procedure and equipment.

3. Results and Discussion
3.1. Evolution of the Mass and Appearance

As the chemical ion erosion time increases, the appearance of CGB specimens at
different periods is shown in Figure 2. At the early stage of erosion, the surface morphology
changes are not noticeable; the shape is intact, and only some tiny pits appear. With the
extension of the erosion time, the surface started to float slightly; when the erosion time
increased to 120 days, CGB surface white crystals precipitated. At the same time, in the
CGB surface layer dissolution phenomenon, the aggregate particles appear to be partially
exposed, and the filling body from the outside to the inside of the whole became “fluffy.”
After 150 days of erosion, the surface of the filling body turned yellow, and the surface
layer was partially detached, with corrosion products attached, and numerous tiny holes
and microcracks appeared.
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Figure 2. The apparent morphology of the sample after soaking at different times.

The recoded mass change in CGB under different erosion times, and the relevant data
were shown in Figure 3. It can be found that with the increase in the erosion time, the
mass of the CGB specimens immersed in the acidic aqueous solution did not decrease
immediately at the beginning of erosion, but showed a trend of increasing first, and then
decreasing. When the time of erosion reached 60 days, the mass of the specimen increased
by 1.6% compared with that of the initial one, and then it began to decrease gradually.
When the time of erosion reached 150 days, the rate of change in specimen mass was −0.5%,
indicating that the specimen mass was lower than the initial specimen mass. Combined
with the specimen’s appearance in Figure 2, the ions in the erosion solution entered the
specimen through the pores on the surface of the specimen to undergo a chemical reaction.
The generated insoluble substances adhered to the inside of the pores, leading to a decrease
in the overall porosity of the specimen, making the total mass increase. As erosion time was
prolonged, excess insoluble material accumulated, leading to the expansion of microcracks
within the specimen and the formation of small cracks. More erosion ions from the solution
entered the interior of the CGB, and eventually, some of the products dissolve, leading to a
decrease in the total mass.
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3.2. Evolution of the UCS

A uniaxial compression test was carried out on CGB after chemical corrosion. A
typical stress–strain curve of CGB after different times of erosion was obtained, as shown in
Figure 4a. It can be seen from the figure that the shape of the curve shows different trends
with the increase in the CGB erosion time. When the erosion time reached 60 days, the
uniaxial compressive strength of the specimen increased by 16% compared with that of the
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initial specimen. When the erosion time increased to 150 days, the uniaxial compressive
strength decreased by 8% from the initial specimen and by 20% from that after 60 days.
As the erosion time increases, the initial compressive and yield stages of the stress–strain
curves are lengthened, while the elastic phase is shortened. The peak strain of the CGB
increases, the ratio of peak stress to strain decreases with the erosion time, and the curve
segment from the beginning of the loading to just before the peak stress flattens out. The
reason for this is the increase in erosion time and a large number of SO4

2− and H+ invaded,
resulting in the formation of more micropores on both the surface and the interior of CGB
so that the original pores of the specimen are enlarged and the chemical erosion reaction
zone is enlarged. Macroscopically, it is manifested in the reduction in brittleness, the
enhancement of plasticity, and the increase in the deformation of CGB when subjected to
a load. It can be seen that the erosion of acidic aqueous solution has a significant effect
on the mechanical properties of CGB, resulting in changes in its mechanical response to
external loads.
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3.3. Effects on the AE and Failure Behavior

The deterioration caused by chemical erosion makes the fracture processes of CGB very
complex. Therefore, it is crucial to understand the fracture behavior of CGB during loading.
The acoustic emission data can be used to study the spatial evolution of deformation and
fracture in CGBs during loading, making it an effective method for damage assessment [24].
The raw acoustic emission waveforms can be analyzed for various parameters, such as the
peak counts, energy, and entropy, to determine the fracture initiation point and identify
the damage stage [25]. Xu et al. [26] found a specific relationship between the acoustic
emission signal and the stress–strain behavior of the material during loading. Therefore, in
this study, the changes in the stress threshold of CGB during their damage process after
chemical erosion were explored with acoustic emission technology, and the changes in the
acoustic emission signals of the CGB samples with different erosion times were analyzed
and evaluated. Ultimately, these results are related to the damages caused by chemical
erosion on the CGB.

3.3.1. Acoustic Emission Behavior

The AE and cumulative AE responses over time of the samples during the loading
process are shown in Figure 5. The changes in the acoustic emission counts at different
chemical erosion times can be broadly categorized into initial, calm, and active phases. The
figure shows that when the immersion time is less than 60 days, the initial and calm stages
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of the specimens are prolonged compared to those of the fresh samples. The trend of the
acoustic emission counts change in this process is relatively smooth, while the active phase
is compressed, and the acoustic emission counts change faster in this phase. The result
suggests that after short-term immersion, the chemical ions did not lead to the deterioration
of the internal structure and the creation of pores. Instead, the internal pores and localized
microscopic defects may have been filled, strengthening the internal structure. The primary
source of the acoustic emission signal may be the result of inter-particle friction during
the closure of the initial microcracks inside the CGB. When the initial crack closes, the
elastic energy in the specimen begins to accumulate. It continues until the energy or stress
required for crack extension is reached, and the specimen starts to break down. The acoustic
emission counts in the initial stage showed a positive correlation with increased chemical
erosion time when the chemical erosion time was greater than 60 days. During this stage,
the chemical erosion action may have caused the deterioration of the internal structure
of the specimen or the generation of microcracks, which led to the enhancement of the
changes in the acoustic emission counts. With the increase in the chemical erosion time,
the density of the acoustic emission counts in the calm period also increases relatively, and
more mutation points appear before the destruction of the specimen. In this process, a
portion of the energy was released through a stress waveform, resulting in a sharp increase
in AE counts. The phenomenon indicates that the specimen is about to enter the unstable
crack development stage and gradually reaches the peak stress point to produce damage.
In addition, the duration of the active phase is influenced by chemical attacks and tends
to increase. Therefore, changes in the acoustic emission behavior caused by the temporal
effects of chemical erosion should be considered in engineering designs.
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3.3.2. Acoustic Behavior with Stress

Figure 6 shows the relationship between AE behavior and the stress of samples with
different chemical erosion times under uniaxial compression conditions. According to
the literature [27], rocks show four stages of changes in acoustic emissivity and slope of
stress curves: initial crack closure, new microcracks sprouting, microcracks expanding
and merging, the emergence of macroscopic cracks, and finally, destruction. In our study,
except for Figure 6d, where the slopes showed significant changes, the slopes for the rest
of the erosion time showed fewer changes. This may be because the material we used
was artificially made and already contained a cementitious matrix chemically attacked by
sulfate ions and hydrogen ions, and the microcracks had already appeared before loading.
This made the slopes more similar in the second and third stages, and the slope change
was insignificant. For a better discussion, we divided the whole into four stages using
simple slope calculations. As seen in Figure 6, the AE–stress relationship curves of the
specimens show a clear demarcation and keep changing, indicating that the difference in
the chemical ion erosion time significantly impacts the mechanical response of the CGB
to the external load. The results show that the deformation behaviors of the specimens
under loading change with the chemical ion erosion time. It is important to note that
visible damage refers to the extension of macroscopic cracks. When the erosion time
is less than 60 days (Figure 6b,c), the microcrack initiation stage (II) of the specimen is
prolonged, and the crack damage zone (IV) is more compressed compared to that of the
initial sample (Figure 6a). These results indicate that chemical erosion plays a positive
role in the initial immersion stage on the mechanical response of CGB to external loading.
With the increase in the chemical ion erosion time (Figure 6d–f), the crack initiation stage
(II) of the specimen decreases, and the macroscopic crack damage zone (IV) becomes
wider. It indicates that the deformation of the specimen under less stress after entering
the damage stage is quickly transformed from microcrack closure to microcrack extension,
the macroscopic crack damage zone is enlarged, and the acoustic emissivity rises sharply.
The results reflect that for a longer chemical erosion time, the internal structure of CGB
deteriorates, and its mechanical response to external load becomes unstable. The degree
of chemical ion erosion significantly affects the generation and subsequent extension of
macroscopic cracks. Therefore, these results demonstrate that the chemical ion erosion
time predominantly affects the acoustic emission behavior of the specimens under uniaxial
compressive loading.
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Figure 6. Acoustic emission behavior as a function of stress for specimens with different erosion
times under uniaxial compression conditions. I—initial crack closure; II—new microcracks sprouting;
III—microcracks expanding and merging; IV—the emergence of macroscopic cracks.

The stress threshold determines a specimen’s occurrence, coalescence, and the ex-
tension of microcracks [28]. This section explores the effect of chemical attack time on
the stress thresholds for each deformation stage of the CGB. Figure 6 shows the stress
thresholds at each displacement point during loading. The stress thresholds are normalized
by the peak stress to quantitatively analyze the changes after different erosion times, as
shown in Figure 7. As observed in the figure, the stress thresholds for microcrack extension
and macrocrack initiation increase, and then decrease with the increase in the chemical
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ion erosion time. For instance, the normalized stress threshold for microcrack extension
increases from 0.71 to 0.85, and the normalized stress threshold for macrocrack initiation
increases from 0.9 to 0.96 after 60 days of erosion. However, after 150 days of erosion,
the normalized stress threshold for microcrack extension decreases to 0.31, and that for
macrocrack initiation drops to 0.76. These phenomena imply that chemical ion erosion
significantly affects the microcrack extension and macrocrack initiation of CGB. The chem-
ical ion erosion has a strong time-related dependence on the microcrack extension and
macrocrack initiation of CGB. Even though the initial stage of erosion shows an increase in
strength, microcrack extension occurs in the CGB at later stages under a low-stress input as
the erosion time increases, leading to a decrease in the overall load-bearing capacity and
strength. The strength of the CGB is mainly composed of the gangue aggregate particle
strength, the strength of the cement hydration reaction products, and the bond interface
strength gangue aggregate-hydration reaction products between the gangue and hydration
reaction products. The bond interface of the aggregate–hydration reaction products was
weakened in the late stage of erosion. These results demonstrate that chemical erosion time
substantially affects the fracture behavior of the CGB.

Appl. Sci. 2023, 14, 107 10 of 15 
 

macrocrack initiation drops to 0.76. These phenomena imply that chemical ion erosion 

significantly affects the microcrack extension and macrocrack initiation of CGB. The chem-

ical ion erosion has a strong time-related dependence on the microcrack extension and 

macrocrack initiation of CGB. Even though the initial stage of erosion shows an increase 

in strength, microcrack extension occurs in the CGB at later stages under a low-stress in-

put as the erosion time increases, leading to a decrease in the overall load-bearing capacity 

and strength. The strength of the CGB is mainly composed of the gangue aggregate parti-

cle strength, the strength of the cement hydration reaction products, and the bond inter-

face strength gangue aggregate-hydration reaction products between the gangue and hy-

dration reaction products. The bond interface of the aggregate–hydration reaction prod-

ucts was weakened in the late stage of erosion. These results demonstrate that chemical 

erosion time substantially affects the fracture behavior of the CGB. 

 

Figure 7. Acoustic properties of CGB after different erosion times. 

4. Mechanism Discussion 

After conducting the experiments and analyzing the results, SEM was used to ob-

serve the microstructure of CGB. This analysis helped to understand the erosion mecha-

nism of CGB in acidic solutions. To make it easier to discuss, the reaction mechanism is 

divided into the following four parts. 

4.1. Hydration Reaction 

It is well known that CGB is strong before erosion mainly because of its internal hy-

dration reaction (Equations (1) and (2)). The products of the hydration reaction are ettring-

ite, calcium silicate hydrates (C-S-H), and portlandite precipitation (Figure 8a–c). Since 

the gangue aggregate is strong, the strength of gangue cemented filler mainly depends on 

the hydration products and bonding interface strength. The C-S-H structure is dense and 

reticulate, with a distribution of gel and capillary pores, which results in a very high spe-

cific surface. The gangue aggregate particles wrapped with C-S-H form a solid structure, 

which is helpful in resisting damage behavior under external loads. This solid structure is 

favorable to jointly resisting destructive behavior under the action of external loads [29]. 

2 2 2 2 2
2(2CaO SiO ) 4H O 3CaO 2SiO 3H O Ca(OH) + →   +  (1) 

2 3 2 4 2 2 3 4 2
Al O 3Ca(OH) 3CaSO 23H O 3CaO Al O 3CaSO 32H O+ + + →     (2) 
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4. Mechanism Discussion

After conducting the experiments and analyzing the results, SEM was used to observe
the microstructure of CGB. This analysis helped to understand the erosion mechanism of
CGB in acidic solutions. To make it easier to discuss, the reaction mechanism is divided
into the following four parts.

4.1. Hydration Reaction

It is well known that CGB is strong before erosion mainly because of its internal
hydration reaction (Equations (1) and (2)). The products of the hydration reaction are
ettringite, calcium silicate hydrates (C-S-H), and portlandite precipitation (Figure 8a–c).
Since the gangue aggregate is strong, the strength of gangue cemented filler mainly depends
on the hydration products and bonding interface strength. The C-S-H structure is dense
and reticulate, with a distribution of gel and capillary pores, which results in a very high
specific surface. The gangue aggregate particles wrapped with C-S-H form a solid structure,
which is helpful in resisting damage behavior under external loads. This solid structure is
favorable to jointly resisting destructive behavior under the action of external loads [29].

2(2CaO · SiO2) + 4H2O → 3CaO · 2SiO2 · 3H2O + Ca(OH)2 (1)
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Al2O3 + 3Ca(OH)2 + 3CaSO4 + 23H2O → 3CaO · Al2O3 · 3CaSO4 · 32H2O (2)
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4.2. Formation of Ettringite

The initial formation of ettringite results from the hydration reaction in cementitious
materials like cement. This reaction provides some strength to the specimen during the
initial curing stage. However, as SO4

2− ions diffuse/or absorb in the interconnected pores
reacting with existing hydration products, the equilibrium state of the pore solution with
the minerals in the CGB is disrupted, and monocarboaluminate reacts with sulfate to
form ettringite in the presence of calcium hydroxide and water [30–32]. The formation
of ettringite leads to a local decrease in porosity [33], which results in a denser internal
structure of the CGB and a corresponding increase in mass, leading to a short-term increase
in the strength of the CGB. This explains the decrease in the acoustic emission rate in
the early part of the immersion. However, with the increase in the erosion time, the
volume of ettringite exceeds the pore space, exerting significant expansion pressure on the
microstructure and causing cracking [34]. Due to the microcracking-induced damage to the
microstructure, a decreasing threshold of microcrack expansion can be seen in the acoustic
emission experiments on CGB immersed for 120 d and 150 d. The specific reaction equation
is as follows:

4CaO · Al2O3 · 19H2O + 2Ca(OH)2 + 3SO2−
4 + 14H2O → 3

CaO · Al2O3 · 3CaSO4 · 32H2O + 6OH− (3)

4.3. Formation of Gypsum

A sulfate attack can lead to significant mechanical damage (cracking), related mainly
to differential internal expansions, caused, according to the literature [35,36], primarily by
ettringite formation and secondly by gypsum. As sulfate ions continue to intrude, ettrin-
gite is accompanied by gypsum precipitation. Gypsum accumulation causes volumetric
expansion, leading to the formation of microcracks under expansion stress (Figure 8e),
which facilitates the rate of ions in the solution into the material, increasing the contact area
between the ions and the material and allowing more erosion products to be produced [37].
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Additionally, the production of gypsum depletes Ca(OH)2. It reduces the alkalinity inside
the specimen, leading to the decomposition of hydration products (Figure 8d), resulting
in a loss of strength and the durability of the CGB. This process further exacerbates the
destruction of the CGB. The reaction equation is as follows:

Ca2+ + SO2−
4 → CaSO4 (4)

CaSO4 + 2H2O → CaSO4 · 2H2O (5)

4.4. Calcium Leaching

The weakening effect of calcium leaching, which involves the decomposition of et-
tringite and C-S-H, is considered a crucial component of the sulfate erosion mechanism.
On the other hand, leaching phenomena in acidic solutions mainly cause the dissolution
of portlandite and the decalcification of C-S-H [38] (Equations (6) and (7)). Dissolving the
minerals increases the material’s porosity and reduces its mechanical properties [39–41].
The results of Planel’s study show that there are two characteristic layers in which the
calcium-leached portion of the material exists and extends from the outer surface: pre-
dominantly, ettringite (zone 1) and ettringite, gypsum, and portlandite (zone 2) [42]. Since
sulfuric acid solutions were used in this study, the hydrogen ions may exacerbate calcium
leaching caused by a sulfate ion attack. Other studies have shown that ettringite dissolves
into gypsum and aluminum sulfate when subjected to pH values below approximately
10.5 [43]. Therefore, when the surface layer of the CGB was corroded, some of the ettringite
exposed to the hydrogen ions was corroded and dissolved, leading to a decrease in the mass
of the CGB. The re-exposure of the pore space filled initially by ettringite due to this process
changes the pore structure, which can significantly affect the specimen’s permeability [44].
Under the double attack of sulfate ions and hydrogen ions, the structure and bonding
interface strength of CGB hydration products are weakened, leading to a reduction in the
macroscopic mechanical strength (Figure 8f). The results of UCS and acoustic emission
confirmed this process.

3CaO · 2SiO2 · 3H2O + 6H+ → 3Ca2+ + 2SiO2 + 6H2O (6)

3CaO · Al2O3 · 3CaSO4 · 32H2O → 3CaO · Al2O3 · CaSO4 · 12H2O
+2CaSO4 + 20H2O

(7)

The strength change in the CGB under chemical ion erosion can be divided into two
main stages. In the first stage, the strength of the CGB increases due to the hydration
reaction and the filling and compacting effect of ettringite when the alkaline environment
is still dominant inside the specimen. However, as the erosion time increases, the double
invasion of hydrogen and sulfate ions destroys the alkaline environment. As a result,
ettringite loses its survival environment and decomposes rapidly, destroying the filler
specimen’s internal crystal structure in a relatively short time. Compared to the strength
deterioration effect caused by acid corrosion, the hydration reaction of the cementitious
materials is less strong. The strength of the filled specimen reduces, and the rate of
strength deterioration accelerates with time. Additionally, the expansion stress generated
by gypsum water absorption leads to microcracks formation, further exacerbating the
erosion of internal ions. During load-bearing compression, the CGB structure and bonding
interface become damaged, which weakens the cementation. As a result, the gangue
cemented filling body is more prone to microcracks under the action of stress, especially
along the interface transition zone where microfractures occur.

5. Conclusions

The physical and mechanical properties of CGB are heavily impacted by long-term
exposure to acidic mine water, and this impact is time-dependent. This study investigates
the changes in acoustic emission characteristics and mechanical properties of the CGB, as
well as the evolution of stress threshold for crack sprouting under different exposure times.
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Based on microscopic tests, this paper also analyzes the deterioration mechanism of the
CGB after chemical ion erosion, and the main conclusions drawn are as follows:

1. Chemical erosion damages the apparent structure of the CGB, leading to an increase,
and then decrease in its mass and UCS over time. As the erosion time increases, the
initial compression stage and yield stage of the CGB stress–strain curve are prolonged,
and the elastic stage is shortened. This leads to a reduction in CGB’s compression
brittleness and the enhancement of its plasticity.

2. The acoustic behavior of the CGB when subjected to uniaxial compression demon-
strates the impact of acidic chemical erosion on the AE–stress relationship. During
the initial stages of chemical erosion, the swelling products produced by the acidic
chemical erosion fill the pores, weakening the crack closure phase and decreasing
the cumulative acoustic emission rate values. As erosion continues, calcium leaching
leads to an increase in pore structure. Consequently, its deformation rapidly changes
from microcrack closure to microcrack expansion, enlarging the macroscopic crack
damage and sharply increasing the acoustic emission rate.

3. Chemical erosion ultimately causes the performance of the CGB to deteriorate. How-
ever, the stress threshold for microcrack initiation and macro crack extension in-
creases and decreases as the microporous structure changes with the erosion time.
After 60 days of immersion, the stress thresholds for microcrack initiation and macroc-
rack extension increase by 20% and 6%, respectively. However, as the immersion time
increases to 150 days, the stress thresholds for microcrack initiation and macrocrack
extension decrease by 56% and 16%, respectively.

4. The mechanism of deterioration for CGB due to chemical ion erosion can be divided
into two stages. In the first stage, the strength of the CGB is enhanced due to the
hydration reaction and ettringite’s filling and compacting effect. Later, the alkaline
environment is destroyed, and ettringite accelerates decomposition and dissolution,
causing the hydration reaction of the cementitious material to be weaker than the
strength deterioration effect caused by acidic corrosion. As the load increases, mi-
crocracks are generated at the bond interface, especially the microfractures along the
interface transition zone, resulting in strength degradation.

Author Contributions: Methodology, D.L. and H.P.; investigation, H.N.; resources, D.L.; data
curation, G.Z. and D.L.; writing—original draft preparation, D.L.; writing—review and editing, D.L.
and H.P.; visualization, H.N. and D.L.; supervision, H.P. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China
(No. 52374147, No. 52061135111, No. 51974296, and No. 41931284).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to privacy restrictions.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Lu, G.D.; Yang, X.G.; Qi, S.C.; Fan, G.; Zhou, J.W. Coupled chemo-hydro-mechanical effects in one-dimensional accretion of

cemented mine fills. Eng. Geol. 2020, 267, 105495. [CrossRef]
2. Ghirian, A.; Fall, M. Coupled thermo-hydro-mechanical–chemical behaviour of cemented paste backfill in column experiments.

Part I: Physical, hydraulic and thermal processes and characteristics. Eng. Geol. 2013, 164, 195–207. [CrossRef]
3. Liu, Y.-F.; Wu, X.-H.; Zhu, T.; Wang, X.-J.; Zhang, G.-Y.; Wang, Z.-G. Influence of Mechanical Properties of Filling Paste on

Overlying Strata Movement and Surface Settlement. Shock Vib. 2022, 2022, 4687200. [CrossRef]
4. Tahzibi, K.; Nasiri, M.; Mashoof, B.; Lotfi, S. Experimental and Analytical Studies to Achieve an Optimised Cemented Backfill

Mix to be Used in a Cut-Fill Mining Method. Int. J. Min. Eng. Miner. Process. 2016, 5, 1–8.

https://doi.org/10.1016/j.enggeo.2020.105495
https://doi.org/10.1016/j.enggeo.2013.01.015
https://doi.org/10.1155/2022/4687200


Appl. Sci. 2024, 14, 107 14 of 15

5. Han, P.; Zhang, C.; Wang, X.; Wang, L. Study of mechanical characteristics and damage mechanism of sandstone under long-term
immersion. Eng. Geol. 2023, 315, 107020. [CrossRef]

6. Dang, P.T.; Dang, V.C. Mine water treatment in hongai coal mines. In Proceedings of the Conference on Scientific-Research
Cooperation between Vietnam and Poland (POL-VIET), Krakow, Poland, 20–22 November 2017; Volume 35, p. 01007.

7. Dong, S.G.; Feng, H.B.; Xia, M.H.; Li, Y.; Wang, C.; Wang, L. Spatial-temporal evolutions of groundwater environment in prairie
opencast coal mine area: A case study of Yimin Coal Mine, China. Environ. Geochem. Health 2020, 42, 3101–3118. [CrossRef]
[PubMed]

8. Al-Dulaijan, S.U. Sulfate resistance of plain and blended cements exposed to magnesium sulfate solutions. Constr. Build. Mater.
2007, 21, 1792–1802. [CrossRef]

9. Li, J.J.; Cao, S.; Yilmaz, E.; Liu, Y.P. Compressive fatigue behavior and failure evolution of additive fiber-reinforced cemented
tailings composites. Int. J. Miner. Metall. Mater. 2022, 29, 345–355. [CrossRef]

10. Wang, Y.; Cao, Y.; Cui, L.; Si, Z.; Wang, H. Effect of external sulfate attack on the mechanical behavior of cemented paste backfill.
Constr. Build. Mater. 2020, 263, 120968. [CrossRef]

11. Koohestani, B.; Darban, A.K.; Darezereshki, E.; Mokhtari, P.; Yilmaz, E.; Yilmaz, E. The influence of sodium and sulfate ions
on total solidification and encapsulation potential of iron-rich acid mine drainage in silica gel. J. Environ. Chem. Eng. 2018, 6,
3520–3527. [CrossRef]

12. Fall, M.; Benzaazoua, M. Modeling the effect of sulphate on strength development of paste backfill and binder mixture optimiza-
tion. Cem. Concr. Res. 2005, 35, 301–314. [CrossRef]

13. Hassani, F.P.; Ouellet, J.; Hossein, M. Strength development in underground high-sulphate paste backfill operation. CIM Bull.
2001, 94, 57–62. [CrossRef]

14. Pierce, M.E. Laboratory and Numerical Analysis of the Strength and Deformation Behaviour of Paste Backfill; Queen’s University at
Kingston: Kingston, ON, Canada, 1997.

15. Guo, Y.; Wang, P.; Feng, G.; Qi, T.; Du, X.; Wang, Z.; Li, Q. Experimental Study on Diffusion Process of Sulfate Ion in Cemented
Gangue Backfill Material. Adv. Civ. Eng. 2020, 2020, 5846397. [CrossRef]

16. Dong, Q.; Liang, B.; Jia, L.; Jiang, L. Effect of sulfide on the long-term strength of lead-zinc tailings cemented paste backfill. Constr.
Build. Mater. 2019, 200, 436–446. [CrossRef]

17. Baud, P.; Klein, E.; Wong, T.F. Compaction localization in porous sandstones: Spatial evolution of damage and acoustic emission
activity. J. Struct. Geol. 2004, 26, 603–624. [CrossRef]

18. Zhao, K.; Yu, X.; Zhu, S.; Zhou, Y.; Wang, Q.; Wang, J. Acoustic emission investigation of cemented paste backfill prepared with
tantalum-niobium tailings. Constr. Build. Mater. 2020, 237, 117523. [CrossRef]

19. Cao, S.; Yilmaz, E.; Song, W.; Yilmaz, E.; Xue, G. Loading rate effect on uniaxial compressive strength behavior and acoustic
emission properties of cemented tailings backfill. Constr. Build. Mater. 2019, 213, 313–324. [CrossRef]

20. Wu, J.; Feng, M.; Ni, X.; Mao, X.; Chen, Z.; Han, G. Aggregate gradation effects on dilatancy behavior and acoustic characteristic
of cemented rockfill. Ultrasonics 2019, 92, 79–92. [CrossRef]

21. Zheng, H.; Feng, X.-T.; Chen, Z.; Hudson, J.A.; Wang, Y. ISRM Suggested Method for Reporting Rock Laboratory Test Data in
Electronic Format. Rock Mech. Rock Eng. 2014, 47, 221–254. [CrossRef]

22. Xu, J.; Pu, H.; Sha, Z. Experimental Study on the Effect of Brittleness on the Dynamic Mechanical Behaviors of the Coal Measures
Sandstone. Adv. Civ. Eng. 2021, 2021, 6679333. [CrossRef]

23. Sha, Z.; Pu, H.; Xu, J.; Ni, H.; Guo, S. Effects of Accumulated Damage on the Dynamic Properties of Coal Measures Sandstone.
Minerals 2022, 12, 810. [CrossRef]

24. Zhang, Y.; Shi, J.; Zheng, J. A method of fracture toughness JIC measurement based on digital image correlation and acoustic
emission technique. Mater. Des. 2021, 197, 109258. [CrossRef]

25. Chai, M.; Lai, C.; Xu, W.; Song, Y.; Zhang, Z.; Duan, Q. Determination of fracture toughness of 2.25Cr1Mo0.25V steel based on
acoustic emission technique. Int. J. Press. Vessel. Pip. 2023, 205, 104998. [CrossRef]

26. Xu, J.; Pu, H.; Sha, Z. Effect of Freeze-Thaw Damage on the Physical, Mechanical, and Acoustic Behavior of Sandstone in Urumqi.
Appl. Sci. 2022, 12, 7870. [CrossRef]

27. Richter, R. Acoustic Emission Measurements during Unconfined Compression of Diorite Samples. In Proceedings of the 31st
Conference of the European Working Group on Acoustic Emission (EWGAE), Dresden, Germany, 3–5 September 2014.

28. Srinivasan, V.; Tripathy, A.; Gupta, T.; Singh, T.N. An Investigation on the Influence of Thermal Damage on the Physical,
Mechanical and Acoustic Behavior of Indian Gondwana Shale. Rock Mech. Rock Eng. 2020, 53, 2865–2885. [CrossRef]

29. Li, W.; Fall, M. Sulphate effect on the early age strength and self-desiccation of cemented paste backfill. Constr. Build. Mater. 2016,
106, 296–304. [CrossRef]

30. Lothenbach, B.; Bary, B.T.; Bescop, P.L.; Schmidt, T.; Leterrier, N. Sulfate ingress in Portland cement. Cem. Concr. Res. 2010, 40,
1211–1225. [CrossRef]

31. Lawrence, C.D. Sulphate attack on concrete. Mag. Concr. Res. 2015, 42, 249–264. [CrossRef]
32. El-Hachem, R.; Roziere, E.; Grondin, F.; Loukili, A. Multi-criteria analysis of the mechanism of degradation of Portland cement

based mortars exposed to external sulphate attack. Cem. Concr. Res. 2012, 42, 1327–1335. [CrossRef]
33. Pouya, J.; Neji, M.; De Windt, L.; Perales, F.; Socie, A.; Corvisier, J. Mineralogical Evolution and Expansion of Cement Pastes in a

Sulfate-Confined Environment. Minerals 2023, 13, 1. [CrossRef]

https://doi.org/10.1016/j.enggeo.2023.107020
https://doi.org/10.1007/s10653-020-00544-z
https://www.ncbi.nlm.nih.gov/pubmed/32162139
https://doi.org/10.1016/j.conbuildmat.2006.05.017
https://doi.org/10.1007/s12613-021-2351-x
https://doi.org/10.1016/j.conbuildmat.2020.120968
https://doi.org/10.1016/j.jece.2018.05.037
https://doi.org/10.1016/j.cemconres.2004.05.020
https://doi.org/10.1016/S0892-6875(01)00060-7
https://doi.org/10.1155/2020/5846397
https://doi.org/10.1016/j.conbuildmat.2018.12.069
https://doi.org/10.1016/j.jsg.2003.09.002
https://doi.org/10.1016/j.conbuildmat.2019.117523
https://doi.org/10.1016/j.conbuildmat.2019.04.082
https://doi.org/10.1016/j.ultras.2018.09.008
https://doi.org/10.1007/s00603-013-0440-5
https://doi.org/10.1155/2021/6679333
https://doi.org/10.3390/min12070810
https://doi.org/10.1016/j.matdes.2020.109258
https://doi.org/10.1016/j.ijpvp.2023.104998
https://doi.org/10.3390/app12157870
https://doi.org/10.1007/s00603-020-02087-2
https://doi.org/10.1016/j.conbuildmat.2015.12.124
https://doi.org/10.1016/j.cemconres.2010.04.004
https://doi.org/10.1680/macr.1990.42.153.249
https://doi.org/10.1016/j.cemconres.2012.06.005
https://doi.org/10.3390/min13010001


Appl. Sci. 2024, 14, 107 15 of 15

34. Hime, W.G.; Mather, B. “Sulfate attack,” or is it? Cem. Concr. Res. 1999, 29, 789–791. [CrossRef]
35. Mehta, P.K. Sulfate Attack on Concrete: Separating Myths from Reality. Concr. Int. 2000, 22, 57–61.
36. Skalny, J.; Pierce, J. Sulfate Attack Issues, Material Science of Concrete; The American Ceramic Society: Westerville, OH, USA, 1999;

pp. 49–64.
37. Cui, B.; Liu, Y.; Feng, G.; Bai, J.; Du, X.; Wang, C.; Wang, H. Experimental study on the effect of fly ash content in cemented paste

backfill on its anti-sulfate erosion. Int. J. Green Energy 2020, 17, 730–741. [CrossRef]
38. Cefis, N.; Comi, C. Chemo-mechanical modelling of the external sulfate attack in concrete. Cem. Concr. Res. 2017, 93, 57–70.

[CrossRef]
39. Jebli, M.; Jamin, F.; Garcia-Diaz, E.; El Omari, M.; El Youssoufi, M. Influence of leaching on the local mechanical properties of an

aggregate-cement paste composite. Cem. Concr. Compos. 2016, 73, 241–250. [CrossRef]
40. Choi, Y.S.; Yang, E.I. Effect of calcium leaching on the pore structure, strength, and chloride penetration resistance in concrete

specimens. Nucl. Eng. Des. 2013, 259, 126–136. [CrossRef]
41. Phung, Q.T.; Maes, N.; Jacques, D.; Perko, J.; De Schutter, G.; Ye, G. Modelling the evolution of microstructure and transport

properties of cement pastes under conditions of accelerated leaching. Constr. Build. Mater. 2016, 115, 179–192. [CrossRef]
42. Planel, D.; Sercombe, J.; Le Bescop, P.; Adenot, F.; Torrenti, J.-M. Long-term performance of cement paste during combined

calcium leaching–sulfate attack: Kinetics and size effect. Cem. Concr. Res. 2006, 36, 137–143. [CrossRef]
43. Gabrisová, A.; Havlica, J.; Sahu, S. Stability of calcium sulphoaluminate hydrates in water solutions with various pH values. Cem.

Concr. Res. 1991, 21, 1023–1027. [CrossRef]
44. Ni, H.; Liu, J.; Chen, T.; Chen, S.; Meng, Q. Coal permeability prediction method based on the microscopic pore-fracture

dual-porosity structure. J. Pet. Sci. Eng. 2022, 211, 110107. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/S0008-8846(99)00068-X
https://doi.org/10.1080/15435075.2020.1791877
https://doi.org/10.1016/j.cemconres.2016.12.003
https://doi.org/10.1016/j.cemconcomp.2016.05.001
https://doi.org/10.1016/j.nucengdes.2013.02.049
https://doi.org/10.1016/j.conbuildmat.2016.04.049
https://doi.org/10.1016/j.cemconres.2004.07.039
https://doi.org/10.1016/0008-8846(91)90062-M
https://doi.org/10.1016/j.petrol.2022.110107

	Introduction 
	Material and Methods 
	Preparation of Material 
	Experimental Methods 

	Results and Discussion 
	Evolution of the Mass and Appearance 
	Evolution of the UCS 
	Effects on the AE and Failure Behavior 
	Acoustic Emission Behavior 
	Acoustic Behavior with Stress 


	Mechanism Discussion 
	Hydration Reaction 
	Formation of Ettringite 
	Formation of Gypsum 
	Calcium Leaching 

	Conclusions 
	References

