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The mechanical properties of hemihydrate phosphogypsum-based backfill (HPG-backfill) are significantly
influenced by the temperature and pH of mine water (MW), impacting the stability of underground mining
operations. This study evaluates the effects of MW at different temperatures (20°C, 30°C, and 40°C) and pH
levels (3, 5, and 7) on HPG-backfill’s mechanical strength. A comprehensive analysis, including uniaxial

PH effects . . . . . .
Mechanical strength compressive strength (UCS) testing, scanning electron microscopy (SEM), X-ray diffraction (XRD), thermogra-
Microstructure vimetric and differential thermogravimetric (TG-DTG), and nuclear magnetic resonance (NMR), was employed to

explore degradation mechanisms. The results indicate a significant decline in the mechanical performance of
HPG-backfill when exposed to MW. This degradation becomes particularly pronounced under more acidic
conditions and at elevated temperatures. A polynomial relationship between strength and pH, and a linear
correlation with temperature, were identified. Interaction effects between temperature and pH on 28-day
strength degradation were observed, diminishing with increased temperature or decreased pH. Gray relational
analysis highlights pH as a more critical factor than temperature in degradation. Strength degradation is pri-
marily attributed to gypsum dissolution and the pressure induced by recrystallization, which leads to the for-
mation of fatigue cracks. Additionally, acidic conditions accelerate premature crystallization, altering both the
crystal morphology and the pore structure. These insights advance the understanding of HPG-backfill degra-
dation, guiding the developing of more resilient backfill materials for extreme mining environments.

1. Introduction base materials (Degirmenci et al., 2007; Kacimi et al., 2006; Meskini

et al., 2021; Zhao et al., 2021), its utilization rate remains low at only

The effective disposal and utilization of phosphogypsum (PG), a
major byproduct of the phosphate chemical industry, remains a pressing
environmental challenge (Jia et al., 2021; Zhang et al., 2021a,b; Zhou
et al., 2020). Traditionally, PG disposal involves simple washing and
filtration, followed by surface stacking, which results in wasted land and
environmental contamination from residual acids, saline water, harmful
ions, and organic pollutants (Bouargane et al., 2023; Wang et al., 2023a,
c). Although many researchers have explored the comprehensive utili-
zation of PG for producing soil amendments, cement retarders, and road

15 % (El-Didamony et al., 2013; Holanda et al., 2017). Consequently,
countries worldwide, including China, are seeking environmentally
friendly, large-scale method for PG disposal. One promising approach is
using PG as backfill aggregate for underground filling (Li et al., 2017).
However, conventional PG backfilling primarily uses cement as a binder
(Shi et al., 2021), which is not economically sustainable for mining
companies. Jiang et al. (2018a) enhanced the wet-process phosphoric
acid production process by increasing the reaction temperature and
phosphoric acid concentration, converting PG from the dihydrate to the
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hemihydrate form. The resulting industrial waste, hemihydrate phos-
phogypsum (HPG), consists primarily of hemihydrate gypsum with
certain cementitious properties, making it a viable substitute for cement
in underground backfilling. This method effectively addresses high
disposal costs and low utilization rates of PG.

The mechanical properties of backfill, which are crucial to its sta-
bility, are influenced by various factors, such as the binder-to-aggregate
ratio, mass concentration, curing time, and porosity (Jiang et al., 2024;
Kasap et al., 2023; Naik et al., 2006; Sari et al., 2023; Wang et al., 2023b,
2024c). In addition to these internal factors, the external environment,
particularly the pH and temperature of mine water (MW), significantly
affects backfill performance (Wang et al., 2020; Wang et al., 2020;
Zhang et al., 2021a,b). Fig. 1 illustrates the formation of MW at mining
sites. MW can vary widely, from clean to highly mineralized, and may
contain pollutants or exhibit acidic properties (Yu et al., 2015; Zhao
et al., 2020). Acidic MW has been shown to degrade the microstructure
and mechanical integrity of backfill materials, threatening the stability
of underground operations (Arjomandi et al., 2023; Davila et al., 2021;
Shariati et al., 2023). As mining operations extend to greater depths,
higher geothermal gradients lead to elevated water temperatures, which
can exacerbate the effects of acidic conditions on backfill stability
(Khanal et al., 2022). Studies indicate that rock temperatures may reach
30-45°C, or even higher, in deep mining operations, as shown in Fig. 2,
where MW can also exhibit highly acidic characteristics (Deng and Xiao,
2024; He and Guo, 2013; Zhang et al., 2024).

Understanding how pH and temperature affect HPG-backfill is
crucial for ensuring the safe and effective use of backfill materials in
modern mining. Recent studies have shown that cementitious materials
are highly susceptible to degradation under acidic and elevated tem-
perature conditions (Ren et al., 2022; Tran et al., 2021; Visrudi and
Sharifi, 2023). These studies highlight the accelerated leaching of cal-
cium and the dissolution of key hydration products under acidic con-
ditions, as well as the increased rate of chemical reactions at higher
temperatures (Aiken et al., 2018; Fall et al., 2010; Qu et al., 2021).
However, the specific behavior of HPG-backfill under these conditions
remains underexplored, particularly concerning the combined influence
of pH and temperature on its microstructural integrity.

Temperature and pH are fundamental environmental parameters
that can accelerate chemical reactions, affect material degradation, ul-
timately affecting the stability of backfill structures. While MW typically
contains dissolved ions that may also impact backfill performance, this
study narrows its focus to the effects of pH and temperature, two of the
most critical factors in the environmental degradation of materials
(Chen et al., 2017; Zhang et al., 2021a,b). This research systematically
investigates the effects of pH and temperature on HPG-backfill, focusing
on these variables to minimize confounding factors.
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Given the above, this study investigates the effects of MW tempera-
ture (20°C, 30°C, and 40°C) and pH (3, 5, and 7) on the mechanical
strength and degradation mechanisms of HPG-backfill. It focuses on the
immediate impact of these common environmental factors in mining
operations. The originality of this research lies in its comprehensive
examination of how temperature and pH influence HPG-backfill stabil-
ity, an area insufficiently explored in previous studies. By simulating
real-world MW conditions in a controlled setting, the study evaluates
changes in strength, mass loss, appearance, and microstructural integ-
rity to reveal potential degradation mechanisms. The core objective is to
clarify how different MW conditions affect the mechanical properties of
HPG-backfill, providing practical guidelines for its application in mining
environments. These findings also support future research into addi-
tional factors, such as MW ionic composition, to further understand how
these variables impact HPG-backfill stability.

2. Materials and methods
2.1. Raw materials

The materials used in this study, including HPG, tailings, and
quicklime, were provided by Chanhen Chemical Co., Ltd. in Guizhou,
China.

The chemical compositions of these materials were determined using
X-ray fluorescence, with the results presented in Fig. 3. HPG mainly
consists of CaO, SOs, and SiO, while tailings are predominantly
composed of SiOs. Quicklime, which serves as an alkaline modifier, has
an effective CaO content of 72.6 % (Jiang et al., 2022b). The particle size
distributions of these materials were measured using a particle size
analyzer (Mastersizer 2000, Malvern, UK), with the results shown in
Fig. 4. Local tap water was used as mixing water.

2.2. Sample and MW preparation

This study is limited to small-scale laboratory samples, focusing
solely on the pH and temperature factors of MW, without considering
the complex interactions that occur in large-scale underground mining
environments.

To simulate the effects of MW at different pH levels and tempera-
tures, deionized water was used as the base, and industrial sulfuric acid
was added to adjust the pH, following the guidelines in Chinese standard
GB/T 534-2014. This approach eliminated the influence of other ions
typically present in MW, as mentioned in the introduction. The pH of
MW typically ranges from 3.26 to 8.18 (Bharat et al., 2024), so MW was
prepared at pH levels of 3, 5, and 7 to reflect realistic mining conditions.
A pH of 3 simulates acid MW, commonly found in sulfide mineral mines,

T~ § \
Ore dressing plant

e

HPG-backfill

Mine water
et BB W B PR B a2 -,

Fig. 1. Schematic diagram illustrating the formation of MW in mining sites.
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Fig. 3. Chemical composition of raw materials: (a) HPG; (b) Tailings; (c) Quicklime.

Similarly, temperatures of 20°C, 30°C, and 40°C were chosen to

100 dy=7.933 um | |dy=2.761 pm d,=3295 ym 15 represent ambient, elevated, and extreme underground mining condi-
dsg=42.71 | |dgg=13.89 pm| d;y=28.58 um| g tions, which may arise due to active mining operations or chemical re-
gp |[u63:13 um) oy =S6.75 ] dy=95.82 ym 1 actions, as shown in Fig. 2. The liquid-solid ratio of 2:1 was carefully
= [] ——HPG = chosen to ensure effective interaction between the MW and the HPG-
< M —o— Quicklime 5 backfill material. This ratio allows sufficient MW to permeate the

2 [ Tailings 5 . . . p .
_§ 60 3 19 2 backfill, enabling a thorough evaluation of the effects of different pH
4 “ 2 levels and temperatures on its mechanical strength and microstructural
12) ;; integrity. The pH was monitored and adjusted every four days using
é e 1¢ § additional sulfuric acid to maintain consistency. Temperature control
3 1 g was achieved using a water bath for 30+2 C and 40+2°C conditions, and
20k 153 A an air-conditioned room was used for 20°C, ensuring a stable environ-

A ment throughout the experiment.

\ To evaluate the effects of MW pH and temperature on the mechanical
(10'1 == 10 161 1(';2 1030 properties of HPG-backfill, samples were prepared according to speci-

fied material proportions. In each experimental group, the mass con-
centration of HPG-backfill was maintained at 66 %, which included 4 %
quicklime and 10 % tailings based on the mass of HPG. The material
composition consisted of 1000 g of HPG, 40 g of quicklime, 100 g of
tailings, and 587 g of tap water. These materials were mixed thoroughly
for 5 min in a cement mortar mixer to form a uniform slurry. The slurry
was then poured into triple test molds with dimensions of 70.7 mm x
70.7 mm x 70.7 mm. For each test group, three parallel samples were
prepared to ensure reliability and reproducibility, reducing potential
experimental error related to pH and temperature effects. Results were

Particle size (um)

Fig. 4. The particle size distribution of tested materials.

where highly acidic conditions lead to significant material degradation.
A pH of 5 represents mildly acidic conditions that can result from natural
processes, such as silicate weathering, or from anthropogenic sources
like pollutants. Meanwhile, a pH of 7 reflects neutral conditions, often
buffered by surrounding geological materials.
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analyzed based on the averaged values of these parallel samples.

The experimental design is presented in Table 1. N1 serves as the
control group with no exposure to MW. Experimental groups N2 to N10
are exposed to different MW conditions, specifically with differences in
pH and temperature. In groups N2 to N4, the pH remains neutral
(pH=7), while the temperature progressively increases from 20°C to
40°C. Groups N5 to N7 are exposed to a more acidic environment
(pH=5), with temperatures also ranging from 20°C to 40°C. Lastly,
groups N8 to N10 are subjected to the most acidic conditions (pH=3),
with temperatures again increasing from 20°C to 40°C. These variations
facilitate the evaluation of the effects of different MW conditions on the
mechanical properties of the backfill, specifically in relation to pH and
temperature changes.

2.3. Test methods

The study employed various methods to assess the effects of MW at
different temperatures and pH levels on the mechanical properties of
HPG-backfill. These methods included uniaxial compressive strength
(UCS) testing, mass loss measurements, X-ray diffraction (XRD), ther-
mogravimetric and differential thermogravimetric (TG-DTG), scanning
electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDS),
and nuclear magnetic resonance (NMR). The experimental and analyt-
ical processes are shown in Fig. 5, and the specific procedures are briefly
described below.

(1) UCS test. The 28-day strength of the backfill, critical for two-step
ore mining, was examined. The initial phase of the study focused on a
28-day curing period, with plans for further long-term testing (i.e., a 90-
day test) to assess the ion leaching behavior of HPG. Samples were cured
at 20+2°C and 90 % relative humidity as the control group, while others
were submerged in MW at various temperatures and pH levels for 28
days. UCS tests were performed using a YAW-300C automatic pressure
testing machine with a load capacity of 100 kN and a loading rate of
0.1 mm/min.

(2) Statistical analysis. Regression fitting was used to model the
relationship between UCS and the pH and temperature of MW. Grey
relational analysis evaluated the influence of pH and temperature on
UCS, providing a comprehensive understanding of their interaction with
HPG-backfill’s mechanical properties. Standard deviations and confi-
dence intervals were calculated to validate the significance of the
observed trends.

(3) Mass loss test. The mass of HPG-backfill was measured before
and after submersion in MW to assess mass variation. Freshly demolded
backfill samples were dried at 45°C for 48 h, and the initial mass (M)
was recorded. After 28 days of curing and submersion, the specimens
were dried again, and the final mass (M) was recorded. The mass loss
rate (m;) was then calculated as:

M — Mo
m=—— 1
I M, (€Y
Table 1
Experimental design.
Number  Mix composition (%) MW
Mass Quicklime/ Tailings/ Temperature pH
concentration HPG HPG °C)
N1 66 4 10 - -
N2 66 4 10 20 7
N3 66 4 10 30 7
N4 66 4 10 40 7
N5 66 4 10 20 5
N6 66 4 10 30 5
N7 66 4 10 40 5
N8 66 4 10 20 3
N9 66 4 10 30 3
N10 66 4 10 40 3
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(4) XRD. Phase analysis was performed using a Smartlab X-ray
diffractometer. The settings included a voltage of 40 kV, a current of
150 mA, a step size of 20=0.02°, and a scanning speed of 5 s/step,
within an analysis range of 20 (5°~55°). Both cured and submerged
specimens were analyzed to detect phase transformations.

(5) TG-DTG. TG and DTG analyses were performed using an SDT
Q600 instrument. Samples were heated from 30 to 890°C at a rate of
10 °C/min in a nitrogen atmosphere. The weight loss observed at
different temperatures was used to infer the material’s composition and
content, providing insights into changes in hydration products of the
HPG-backfill after exposure to MW.

(6) SEM-EDS. Microstructural analysis was conducted on surface-
eroded fragments collected from specimens subjected to UCS testing.
The fragments were carbon-coated to ensure adequate conductivity
before examination using a JSM-6510 scanning electron microscope at
an accelerating voltage of 20 kV. Magnifications were set at 500x and
3000x, with a resolution of 3 nm, to capture both broad morphological
features and fine microstructural details. The SEM was equipped with
EDS for elemental analysis, enabling the assessment of compositional
changes alongside morphological alterations.

(7) NMR. Pore structure distribution was assessed using a Meso-
MR23-060H-I NMR spectrometer. Specimens were tested, and T spec-
trum curves were recorded. The resonance frequency was set to 23 MHz,
and the magnet temperature was adjustable between 25°C to 35°C, with
a control accuracy of +0.05°C, to evaluate the changes in pore size
distribution under different MW conditions.

3. Results and analysis

3.1. Effect of MW temperature and pH on strength degradation of HPG-
backfill

3.1.1. Analysis of single parameters effects

The strength of HPG-backfill specimens after 28 days of standard
curing is 2.15 MPa. However, as shown in Fig. 6, when submerged in
MW, the strength consistently decreased compared to standard-cured
specimens, indicating a weakening effect of MW on mechanical prop-
erties of the backfill. Furthermore, as the pH of the MW decreases and
the temperature increases, the backfill’ strength further declines. Spe-
cifically, the compressive strength decreases by up to 52.5 % at pH=3
and by 54.8 % at 40°C when submerged in MW, compared to specimens
under standard curing conditions. These results underscore the signifi-
cant influence of both MW pH and temperature on the degradation of
HPG-backfill strength.

To further analyze the variation in HPG-backfill strength under
different conditions, a regression fitting analysis was performed. The
results revealed that, when temperature was held constant, the rela-
tionship between HPG-backfill strength and MW pH could be described
by a polynomial equation (Fig. 6(a)). In addition, a linear negative
correlation was observed between HPG-backfill strength and MW tem-
perature when the pH was kept constant (Fig. 6(b)).

3.1.2. Analysis of multifactor coupling effects

Multivariate nonlinear fitting was performed on the experimental
data using Design-Expert software. A regression model (Eq. (2)) was
established to analyze the relationship between 28-day strength of HPG-
backfill and MW pH and temperature. The model demonstrated a strong
fit (R>=0.996), indicating a polynomial relationship with pH and a
linear relationship with temperature. These results are consistent with
the conclusions presented in Section 3.1.1, further confirming the
model” accuracy. Error analysis of the predicted strength values under
different conditions, shown in Fig. 7, revealed generally small errors.
Although some data points show errors exceeding 15 %, these are
associated with lower strength values. The majority of the predicted
values closely match the experimental results, demonstrating that the
model exhibits overall high reliability.
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¥ = 0.027x% — 0.007x;x2 +0.007x; +0.081x, +0.88, RZ = 0.996  (2)
where y is the strength; x; is the MW temperature; x; is the MW pH.

The interactive effects of MW pH and temperature on the compres-
sive strength of HPG-backfill were further examined through response
surface, as shown in Fig. 8. While both factors significantly influence
specimen strength, their interaction is not particularly significant. Spe-
cifically, at pH=7, increasing the temperature results in a noticeable
decrease in sample strength, with a steeper response surface. The
strength of the specimens decreased by 0.55 MPa and 0.86 MPa when
the MW temperature was raised from 20°C to 30°C and 40°C, respec-
tively. At pH=5, raising the MW temperature from 20°C to 30°C and
40°C reduced sample strength by 0.32 MPa and 0.49 MPa, respectively.
At pH=3, strength decreased by 0.13 MPa and 0.34 MPa for the same
temperature increases.

As the pH of the MW decreases, the increase in temperature still
reduces sample strength, but the response surface becomes progressively
flatter. This indicates that the interaction between temperature and pH
weakens as the pH decreases. Additionally, this interaction weakened as
the MW temperature increases. This may be due to the presence of Ca
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(OH); in HPG-backfill (Jin et al., 2021), which can be eroded in a pH=5
acidic environments, reducing sample strength. In environments with
pH=3, the internal alkaline substances may be further eroded. Although
increasing the temperature raises the average kinetic energy of solvent
molecules, enhancing their interaction with alkaline substances on the
sample surface (Kybartiene et al., 2004). The solvent mainly consists of
HT, SO%’, and H,0. H' mainly reacts with the alkaline substances in a
neutralization reaction, while SO and H,0 participate in the dissolu-
tion and recrystallization of gypsum. As the temperature does not
change significantly, differences in the dissolution and recrystallization
processes of gypsum may not be pronounced. In acidic environments, a
slight increase in temperature may not significantly deteriorate sample
strength, but a general trend towards further weakening is evident.

3.1.3. Correlation analysis

The gray correlation analysis method was employed to determine the
primary and secondary influences of MW temperature and pH on the
compressive strength of HPG-backfill. The 28-day strength test results of
the specimens served as the basis for data partitioning. The 28-day
strength of HPG-backfill (Xy) was designated as the reference
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sequence. MW temperature (X;) and pH (X3) were designated as
comparative sequences. Firstly, the data were normalized to eliminate
dimensional differences. Then, the correlation coefficient &(k) was
calculated using Eq. (3). For detailed calculation process, can refer to the
literature (Zhou et al., 2021).

minmin|Xo (k) — Xi(k)| + pmaxmax|Xo (k) — Xi(k)|

oK)~ KR)] + pmaxmaxi¥o(k) — X (K) ®

&ilk) =

where p is the resolution coefficient, taken as 0.5; |Xo (k) —X;(k)| is the
absolute difference between the reference sequence and the comparative
sequence; min;mingA; (k) is the minimum difference; max;maxiA;(k) is the
maximum difference.

The gray correlation coefficients obtained in descending order are as
follows: MW pH (0.7647)> MW temperature (0.6198). This indicates
that among the factors of MW temperature and pH, the pH of the MW
has a greater impact on the development of the 28 days’ strength of
HPG-backfill.

3.2. Changes in physical properties of HPG-backfill strength degradation

3.2.1. Appearance characteristics
The appearance of HPG-backfill specimens after 28 days of

30°C 40°C

20°C

pH=7

Fig. 9. The appearance of HPG-backfill after submersion in MW with different
conditions for 28 days.
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submersion in MW under different parameters is shown in Fig. 9. In
comparison to the standard cured specimens, significant erosion was
observed in submerged specimens. At 20°C, the surface exhibited more
visible pores compared to standard conditions, although the overall
texture remained relatively smooth (see Fig. 5). At 30°C, surface pores
became more pronounced, and further pore enlargement occurred at
40°C, indicating a clear relationship between increased temperature and
surface degradation.

As MW pH decreased, the severity of surface erosion intensified. At
pH=3 and 40°C, extensive aggregate detachment and severe surface
roughness was observed. This rougher texture is likely a result of
increased dissolution of Ca(OH); and CaSO4e2H,0, accelerating the
degradation process. The pronounced surface roughness and pore for-
mation across all temperatures at lower pH levels (pH=3) supports the
conclusion that acidic MW significantly contributes to strength
degradation.

3.2.2. Mass change

As shown in Fig. 10, after 28 days of standard curing, HPG-backfill
exhibited a mass increase of 3.81 %. However, after 28 days of sub-
mersion in MW at pH=7 and 20°C, the mass loss was only 1.02 %, which
can be attributed to the slight solubility of gypsum and the ongoing
hydration reactions that convert hemihydrate gypsum into gypsum
dihydrate (Chen et al., 2022; Zhou et al., 2020). The formation of
CaS04e2H,0 and residual Ca(OH), results in minimal mass loss despite
the dissolution of gypsum.

At pH=3, the mass loss rate increased to 2.29 %, showing that acidic
MW accelerates mass loss due to the neutralization reaction between H*
ions and Ca(OH),, as well as the dissolution of gypsum. When the
temperature is further increased to 40°C under the same pH conditions,
the mass loss reaches 6.43 %. This substantial increase is explained by
the “S-shaped” solubility curve of gypsum, where solubility rises rapidly
with temperature, leading to accelerated dissolution and mass loss of the
HPG-backfill (Wang et al., 2020a,b).

3.3. Changes in microstructure and mineralogy of HPG-backfill strength
degradation

3.3.1. Mineralogical composition analysis

The XRD results for HPG-backfill, both under standard curing and
submerged in MW with different parameters for 28 days, are presented
in Fig. 11. The primary hydrated products of HPG-backfill under stan-
dard curing conditions include CaSO4e2 H>O, Ca(OH),, SiO,, and
insoluble phosphates (CaPO3(OH)-2H,0). The diffraction peaks of

pH=7
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]

pH=5 30°C

[ 40°C

pH=3

Standalrd curing |
-6 -4

, —

-2 0
Mass change (%)

Fig. 10. Mass changes of HPG-backfill after exposure to MW under different
conditions for 28 days.
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Fig. 11. XRD results of the outer surface layer of HPG-backfill after submersion
in MW under different conditions.

gypsum crystals are sharp at approximately 11°, 21°, and 29° (Adrien
et al., 2016).

After submersion in neutral MW (pH=7, 20°C), these peaks exhibit
reduced intensity, indicating partial dissolution of gypsum. This corre-
sponds with the mass loss described in Section 3.2.2. The decrease in
peak intensity is more pronounced at pH=3 and 20°C, as the acidic MW
accelerates gypsum dissolution by breaking the bonds between water
molecules and calcium-sulfate ions (Duan et al., 2017). The disappear-
ance of Ca(OH), peaks further supports the dissolution reaction between
H* and Ca(OH),, which exposes gypsum crystals to further degradation
(Li et al., 2018a,b).

The inert nature of SiO, and insoluble phosphates is demonstrated by
the unchanged peak intensity across all conditions. Additionally, raising
the MW temperature from 20°C to 40°C led to further weakening of
CaSO4e2 HyO peaks, reflecting temperature-driven dissolution. The
higher kinetic energy at elevated temperatures increases the rate of
solvent-ion interaction, facilitating the breakdown of gypsum crystals.

3.3.2. TG-DTG analysis

Fig. 12 shows the TG and DTG curves of HPG-backfill after standard
curing and after 28 days of submersion in MW with different parameters.
The thermal decomposition of HPG-backfill primarily occurs within the
ranges of 30°C to 260°C and 430°C to 830°C, corresponding to two
endothermic peaks. This indicates that the thermal decomposition pro-
cess involves two main stages.

At the first stage, the mass loss mainly originates from the dihydrate
gypsum in the hydrated products. The standard cured samples exhibit
higher weight loss and endothermic peak values. As the temperature of
the MW increases or pH decreases, these peak values decrease, sug-
gesting that the standard cured samples contain more hydrated products
than the samples submerged in MW with different parameters (Wang
et al., 2020a,b). This suggests that higher temperatures or lower pH
levels cause more severe erosion of the hydration products.

At the second stage, the mass loss primarily originates from the
endothermic decomposition of the main mineral component in the
tailings, which is calcite. The endothermic peak values between 430°C
and 830°C decrease as the temperature of the MW increases or pH de-
creases. Although calcite is inert and typically does not react with acids,
this decrease may relate to increased surface porosity and detachment of
tailings caused by intensified erosion. This detachment leads to a
reduction in the endothermic peak values of calcite, aligning with the
observations on appearance characteristics and mass loss described in
Sections 3.2.1 and 3.2.2.
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3.3.3. Microstructure analysis

SEM analysis of the corroded areas on the surface layer of the
specimens with standard curing and after 28 days of submersion in MW
with different parameters is shown in Fig. 13. The surface of standard
cured samples appears smooth and compact (Fig. 13(a)). Samples sub-
merged in neutral MW (pH=7, 20°C) exhibit initial surface irregularities
(Fig. 13(c)). As the pH decreases to 3, the number of holes due to acidic
erosion increases, with these holes extending towards the inner layers of
the sample (Fig. 13(e)). At higher magnifications, not-submerged sam-
ples show numerous long rod-shaped and short columnar crystals with a
high degree of interlocking, indicating a dense structure (Fig. 13(b)).
EDS analysis identified the main elements in the long rod-shaped crys-
tals as Ca, S, and O, confirming them as gypsum dihydrate crystals
(Maierdan et al., 2021; Min et al., 2019). After submersion in MW, these
long rod-shaped crystals decrease, suggesting that the MW’s dissolving
effect reduces the length-to-diameter ratio of the original gypsum
dihydrate crystals. Short columnar gypsum dihydrate crystals remain
abundance (Fig. 13(d)). As MW acidity intensifies, fragmented crystals
and fine short crystals increase, reducing the degree of interlocking and
loosening the structure (Fig. 13(f)) (Geng et al., 2015; Nadelman et al.,
2019).

When the MW temperature increases to 40°C, the degree of surface
corrosion worsens, and the pores’ size increases (Fig. 13(g)). At pH=3
and 40°C, severe surface corrosion occurs, with numerous pores
extending deeply into the samples, forming invasion channels (Fig. 13
(1)). These microscopic changes indicate that higher temperatures result
in more severe structural corrosion by MW. Particularly, corrosion in-
tensifies when the temperature increase coincides with a pH decrease. At
3000x magnification, changes in crystal morphology are observed.
Compared to Fig. 13(d), samples submerged in MW at 40°C show fewer
short columnar and long rod-like gypsum dihydrate crystals, with an
increase in irregularly shaped fragmented crystals (Fig. 13(h)). At pH=3
and 40°C, many fragmented crystals appear, with almost no short
columnar and long rod-like crystals remaining (Fig. 13(j)). These results
indicate that increasing MW temperature or decreasing pH alters gyp-
sum dihydrate crystal morphology and pore structure, reducing the
structural compactness of HPG-backfill and leading to a decrease in its
compressive strength.

3.3.4. Pore structure analysis

The transverse relaxation time (Ty) provides insights into the
microscopic pore structure of HPG-backfill (Li et al., 2018a,b). The Ty
was plotted against the inversion signal intensity to investigate the effect
of different parameters of MW on the pore structure of HPG-backfill, as
shown in Fig. 14. According to Eq. (4), a larger T, value implies a larger
pore diameter (Zeng et al., 2023). The three main signal peaks in the Ty

relaxation spectrum can be categorized from left to right as representing
small, medium, and large pores.

4

where ¢ is the surface relaxation strength, with an empirical value of 5
pm/ms; R is the pore radius, cm.

Compared to non-submerged sample, the signal intensity of medium
and large pores increased significantly after 28 days of MW exposure,
indicating pore expansion due to erosion (Li et al., 2019). This expansion
was most pronounced at higher temperatures, with the peak for medium
pores intensifying at 40°C, confirming that elevated temperatures
accelerate internal erosion (Liu et al., 2024). Similarly, as pH decreased,
the signal intensity across all pore sizes increased, with the most severe
pore structure deterioration observed at pH=3 and 40°C. These results
show that both high temperatures and acidic conditions exacerbate pore
expansion and generation.

Based on NMR principles, the total area under each inversion curve
corresponds to the porous volume of the sample (Zhu et al., 2024). To
quantify the effect of MW with different parameters on the sample’s
pores, the porosity change rate y is introduced, as calculated by Eq. (5).
The relationship between y and MW parameters is shown in Table 2. The
results indicate that the y is greater than 0 for all samples submerged in
MW, indicating an increase in internal pores. When the sample was
submerged in neutral MW at 20°C, the internal pore volume increased
by 38 %. As the MW temperature increased and the pH decreased, the
internal pore volume continued to rise. For the sample submerged in
MW with a pH=3 and a temperature of 40°C, the internal pore volume
reached 2.93 times that of the standard cured sample.

P—P

y:—?gﬁxlow%

(5)

where Py is the area under the inversion curve of the standard cured
sample; P is the area under the inversion curve of the sample submerged
in MW with different parameters.

4. Discussions

4.1. Mechanism of the effect of MW temperature on the HPG-backfill
strength degradation

The influence of MW temperature on HPG-backfill degradation needs
to be contextualized with respect to MW at ambient temperature. When
HPG-backfill is submerged in neutral MW (pH=7) at 20°C, the gypsum
dihydrate crystals within the backfill slowly dissolve due to the
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Fig. 13. SEM image showing the outermost layer of HPG-backfill after 28 days of exposure to MW: (a) N1 (x 500), (b) N1 (x 3000), (c) N2 (x 500), (d) N2 (x 3000),
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concentration gradient. In addition, the evaporation of excess water surfaces, which can penetrate the microcracks of the gypsum. This
during the exothermic hydration process creates pores in the HPG- intrusion disrupts the micro-pore bonding between crystal structures,
backfill, potentially providing capillary channels for MW to erode the ultimately weakening the inter-crystal bonding force (Tian et al., 2016).
sample’s interior. As a result, MW first dissolves the surface material and This inherent characteristic of poor water resistance in gypsum results in

then penetrates into the sample, breaking down the internal gypsum the reduced strength of HPG-backfill after submersion in MW (Singh,
crystal structure. At the same time, a water film forms on the crystal 2003a, 2005b).
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Fig. 14. NMR relaxation spectrum of HPG-backfill.

Table 2

Peak area of inversion curve of HPG-backfill.
Number Peak area of inversion curve y value
N1 360428 0
N2 498200 38 %
N4 577559 60 %
N8 938096 160 %
N10 1055140 193 %

When HPG-backfill is submerged in high-temperature MW, as
described in Section 3.2.2, the solubility of gypsum increases. Macro-
scopically, this manifests as an enhanced erosive effect of high-
temperature MW on the sample, as shown in Fig. 15. This is because
temperature is a macroscopic measure of the average kinetic energy of
molecules (Aich et al., 2024). Consequently, the frequency of collisions
between water molecules and gypsum crystals per unit time also in-
creases, leading to a higher probability of dissolving gypsum crystals.
Rising temperature intensifies the interaction between the ions on the
surface of gypsum crystals and MW. Furthermore, the rapid, continuous
alternation of crystallization pressure during the
dissolution-recrystallization process at higher temperatures contributes
to the fatigue damage of the sample. The crystal growth process itself is a
thermodynamic phase transition. The crystallization process releases
heat, causing the surrounding MW temperature to rise and the solubility
to increase. The dissolution process of crystals absorbs heat, resulting in
a decrease in the surrounding MW temperature and solubility. This
alternating temperature change during the dissolution-recrystallization
process leads to alternating changes in solution supersaturation.
Consequently, the crystallization pressure exerted by the crystals on the
pore walls alternates between increasing and decreasing (Kaufmann
et al., 2004). Under high-temperature conditions, the reaction rate
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accelerates, leading to rapid dissolution-recrystallization of gypsum
crystals. The rapid alternation of crystallization pressure induces fatigue

cracks in the sample, which expand and extend inward with continued
exposure.

4.2. Mechanism of the effect of MW pH on the HPG-backfill strength
degradation

When the MW environment changes from neutral to acidic, the H*
ions in the MW rapidly neutralize the alkaline substances on the sam-
ple’s surface. As the submersion time extends, the alkaline substances on
the surface will be completely neutralized. This will entirely expose the
gypsum on the surface to the acidic MW, and accelerating the dissolu-
tion process of gypsum. This results more pores and cracks appearing on
the sample surface, leading to an uneven texture. With the increasing
acidity of the MW, H' gradually erode the alkaline substances on the
outer surface of the sample, completely exposing the outer surface of the
sample to the acidic MW. This process facilitates the continued corrosion
of the sample’s internal structure by H' ions, generating pore channels
that extend deeper into the inner layers of the sample, as shown in
Fig. 16.

The deeper reasons for these phenomena may require further anal-
ysis. According to the principle of energy conservation and Correns’
equation (Correns, 1949), the solubility of a crystal increases with
higher free energy and curvature. This increase in solubility results in a
higher concentration of solute in the surrounding MW solution. Different
crystal curvatures result in concentration gradients in the surrounding
salt solutions. Fick’s second law states that ions in the free solution at the
crystal’s end diffuse one-dimensionally from high to low concentration
along the capillary pores. During the standard curing of HPG-backfill,
gypsum crystals grown in the pores are subjected to the effects of

diffusion, crystal free energy, and the pressure exerted by the capillary
pore wall on the crystals. As a result of these interacting factors, crystals
will grow towards the unconstrained direction or the free end along the
pore axis. Meanwhile, adjacent crystals may gradually merge into one,
growing in a columnar or rod-like manner, thereby gradually increasing
in volume (see Fig. 13(b)). At this point, the pores between the crystals
mainly exist in a variable cross-sectional form, typically smaller at both
ends and larger in the middle (Gou et al., 2023). Under acidic condi-
tions, gypsum crystals undergo dissolution-recrystallization, with the
pores between the crystals mainly exist in a variable cross-sectional
form. There is a difference in supersaturation between the borders and
the core. During crystallization, salt solution first crystallizes in the
larger pores of the belly, and then the crystals grow rapidly at both ends
of the pores. Dissolution begins at the smaller pores of the capillary
opening. Due to the presence of a large amount of SO7 in acidic MW,
gypsum crystallization is induced prematurely. This results in the
changes in the morphology and pore structure of gypsum crystals,
leading to the appearance of numerous lamellar or fragmented gypsum
crystals (see Fig. 13(h) and (j)) (Yang et al., 2016). In conclusion, the
strength deterioration of samples in acidic MW is mainly due to the
erosion of alkaline substances and changes in crystal morphology and
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pore structure from the dissolution-recrystallization process, reducing
HPG-backfill’s structural density.

4.3. Mechanism of interaction effects on the HPG-backfill strength
degradation

From the experimental results in Section 3.2.2, it can be observed
that the combined effect of temperature and pH of MW results in a
synergistic degradation of HPG-backfill. This accelerates the deteriora-
tion process of the backfill strength. This process involves interactions
between the thermal, hydraulic, mechanical, and chemical fields, as
shown in Fig. 17. Firstly, the increase in MW temperature accelerates the
chemical reaction rate of acidic MW eroding HPG-backfill, leading to
faster dissolution of gypsum and accelerated erosion of internal alkaline
substances. In addition, as described in Section 4.1, temperature varia-
tions cause alternating changes in supersaturation during gypsum
dissolution and recrystallization processes, thereby generating crystal-
lization pressure. The alternating changes in crystallization pressure are
prone to induce fatigue cracks in the samples. This provides pathways
for acidic MW to further infiltrate into the sample, accelerating internal

erosion. Over time, these physical and chemical processes act together to
gradually erode the structure of HPG-backfill, leading to a gradual
reduction in strength and durability.

To mitigate the detrimental effects of acidic MW at elevated tem-
peratures on HPG-backfill, mining operators can adopt several strategies
to enhance the durability and long-term performance of backfill mate-
rials. One effective approach is incorporating additives or modifiers into
the HPG-backfill formulation, aimed at increasing resistance to acidic
conditions and reducing solubility. For instance, the addition of pozzo-
lanic materials (e.g., fly ash, silica fume) or cementitious agents (e.g.,
blast furnace slag) can significantly improve the chemical stability and
mechanical strength of the backfill (Wang et al., 2022a; Wu et al., 2020;
Zhang et al., 2023). These materials promote the formation of secondary
hydration products that fill pores and enhance the overall matrix,
making the backfill less susceptible to acid-induced degradation and
thermal stress.

Another practical method is pH optimization of the MW through
treatment technologies such as neutralization. This can be achieved by
adding alkaline substances (e.g., lime, limestone) to the MW which
raises its pH and mitigates its corrosive potential (Mohan and Dutta,
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2020; Suthar and Aggarwal, 2018). Neutralizing the MW can reduce the
rate of dissolution and erosion of the backfill, thereby extending its
service life in mining operations. Such treatment processes could be
implemented on-site, ensuring that MW interacting with the backfill
maintains a less aggressive pH range.

In addition to these methods, improvements in backfill material
composition offer a promising avenue for mitigating the combined ef-
fects of acidity and high temperatures. The development of advanced
backfill formulations incorporating fibers (e.g., polypropylene, glass, or
carbon fibers) can enhance the mechanical strength and crack resistance
of the material (Ari et al., 2023; Rudrappa and Srinivasachar, 2020).
These fibers act as reinforcement, reducing crack propagation and
improving tensile strength, especially under thermal and acidic stress.
These approaches, combined with monitoring systems for pH and tem-
perature, will allow operators to implement real-time adjustments,
optimizing backfill performance in harsh mining conditions.

5. Conclusions and future work

The influence of MW at different temperatures and pH on the me-
chanical strength of HPG-backfill was systematically evaluated,
revealing significant weakening effects. UCS tests conducted on HPG-
backfill submerged in MW for 28 days indicated a polynomial corre-
lated between strength and MW pH, and a linear correlation with tem-
perature. In addition, response surface methodology identified an
interaction between MW temperature and pH that negatively impacts
the backfill’s strength.

Microscopic analyses using XRD, TG-DTG, SEM-EDS, and NMR
revealed the mechanisms behind these observations. Strength degrada-
tion at elevated temperatures may be associated with crystallization
pressure generated during the gypsum dissolution and recrystallization
process, which induces fatigue cracks in the samples. The presence of
high concentrations of SOF under acidic conditions promotes premature
gypsum crystallization, altering crystal morphology and pore structure.
Moreover, the submersion of HPG-backfill in acidic MW at high tem-
peratures may involve interactions among thermal, hydraulic, me-
chanical, and chemical fields.

Continuous monitoring and regulation of MW pH are crucial to
maintain conditions within a less corrosive range. Implementing pH
control systems, including the application of alkaline additives, can
effectively neutralize acidic environments. Optimizing ventilation and
thermal insulation in mining operations also helps manage temperature
fluctuations, thereby reducing the impact of elevated temperatures on
backfill integrity. These measures collectively aim to mitigate degra-
dation mechanisms and promote the durability of backfill materials
under variable mining conditions.

Despite the valuable insights gained from this study, certain limita-
tions should be acknowledged. The research primarily focused on spe-
cific pH levels and temperature ranges, which may not fully represent
the range of conditions encountered in diverse mining environments.
Additionally, the interactions among various MW constituents and their
cumulative effects on HPG-backfill were not fully examined. Future
research should explore these interactions and investigate the impact of
other MW constituents, such as dissolved ions and organic matter, on
backfill degradation. Furthermore, developing advanced backfill mate-
rials with improved resistance to acidic and high-temperature environ-
ments will be critical for ensuring the long-term stability and
performance of backfill in mining operations.
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