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To address coal spontaneous combustion caused by air leakage in goafs
and the limitations of traditional sealing materials, this study developed a
high-dosage coal gangue inorganic solidification material (HDCG-ISM)
using coal gangue and fly ash. The mix proportion was optimized via
orthogonal experiments, and the sealing performance was evaluated using a
self-designed apparatus. The optimal mix (85% coal gangue, 20% fly ash, 10%
cement, 2% water reducer, 10% activator) achieved a 28-day compressive
strength of 1.5 MPa with good stability. The material enhanced loose coal
consolidation through physical filling, hydration product bonding, and
interfacial chemical bonding. Compared to pure cement, its shrinkage rate
was reduced by 21.95%, while specific surface area, pore volume, and
average pore diameter decreased by 55.58%, 65.36%, and 22.02%,
respectively. At 60 mm thickness, the material provided efficient sealing for
5-30 mm coal particles, reducing the sealing pressure difference by 38.5—
66.7%. This study offers a new solution for coal-based solid waste utilization
and goaf air leakage control.
Key words: Coal spontaneous combustion; coal-based solid waste;
Solidification mechanism; Sealing performance

1. Introduction

Coal serves as the dominant energy source in China, and its safe mining is critical to national energy
security and sustainable development. The caving of overlying strata in mine goafs forms fracture
networks, which are prone to induce air leakage and consequently trigger spontaneous coal combustion.
This gives rise to resource waste, economic losses, and major safety hazards [1,2]. On the other hand,
coal mining generates massive volumes of solid wastes such as coal gangue and fly ash annually, whose
stockpiling occupies land resources and causes environmental pollution. Therefore, the resource
utilization of these solid wastes has become an urgent requirement for the green transformation of the
coal industry.

In the field of fire prevention and extinguishing in goafs, traditional sealing materials such as
cement slurries and organic foams suffer from drawbacks including poor fluidity, high shrinkage, high
cost, or failure at high temperatures [3,4]. The preparation of inorganic cementitious materials using



solid wastes such as coal gangue and fly ash is regarded as an effective approach that simultaneously
addresses mine safety and solid waste disposal [5,6]. Fly ash possesses pozzolanic activity, and coal
gangue can act as both a cementitious component and a micro-aggregate after activation; their synergy
is expected to improve material performance [7,8!. Existing studies have made progress in solid waste-
based cementitious materials, including fly ash-based backfills and mine-specific inorganic foams,
verifying their feasibility for fire prevention and extinguishing [9-11]. Liang et al. [12] prepared an
inorganic paste for stope corner filling using fly ash, slag and cement, which effectively reduced air
leakage and CO concentration in goafs. The high-volume fly ash inorganic solidified foam developed
by Ma et al. [13] exhibited favorable fluidity and compressive strength. The mine-specific inorganic
solidified foam material developed by Zhang et al. [14] possessed excellent pumpability and
compressive strength. Deng et al. [15] identified solid waste-based materials as an important
development direction for mine backfill cementitious materials. Zhou et al. [16] conducted an in-depth
investigation into the working performance and microstructure of high-volume fly ash-based backfill
materials. Recent research has further delved into microscopic mechanisms, for instance, modifying coal
gangue powder with ionic curing agents to regulate pore structure, or preparing coal-based solid waste
geopolymer via alkali activation and systematically investigating its mechanical properties and
hydration products [17]. Nevertheless, most current studies focus on single solid wastes (e.g., fly ash,
Coal gangue and slag) or specific properties. Systematic research on the synergistic utilization of high-
volume coal gangue and fly ash remains insufficient, and in-depth exploration is still required,
particularly in the collaborative optimization of material mix proportions, the long-term solidification
mechanism of loose coal, and the quantitative evaluation of sealing performance.

Accordingly, aiming at the dual objectives of air leakage sealing and control in goafs as well as
green disposal of coal-based solid wastes, this study develops a high-dose coal gangue inorganic
solidified material (HDCG-ISM). The material mix proportion is optimized via orthogonal experiments,
and the influence laws of each component on key performance indicators, including bleeding rate,
fluidity and setting time, are determined. The compressive strength and dry shrinkage characteristics of
the material under different curing conditions are systematically tested, and the optimized proportion is
applied to loose coal to analyze the macroscopic mechanical behaviors of the consolidated body.
Furthermore, scanning electron microscopy (SEM), nitrogen adsorption and Fourier-transform infrared
spectroscopy (FT-IR) are employed to reveal the pore structure, interfacial morphology and chemical
bonding mechanism of the material. Finally, a self-designed sealing test device is used to quantitatively
evaluate the effects of accumulation thickness and coal particle size on sealing performance, and its
technical advantages are verified by comparison with conventional cement-based materials.

2. Experimental materials and methodology
2.1 Experimental materials

(1) Raw Materials and mixed Proportions: The raw materials include fly ash from Liyan Power
Plant (Shandong), high-alumina cement, coal gangue, water reducer, and activator. The mass fraction
of coal gangue was fixed at 85%. An Lis(4*) orthogonal array was adopted for mix proportion
optimization, with four factors (dosages of fly ash, cement, water reducer, and water glass) and four
levels for each factor. The factor and level design is presented in Tab. 1. The level ranges of each factor
were determined based on preliminary experiments and literature.



Table 1. Orthogonal test

Factors
Test group Fly Ash dosage Cement dosage Water reducer dosage Water glass dosage

(%) (%) (%) (%)
CG-1 20 25 0.5 25
CG-2 20 5 1 5
CG-3 20 7.5 15 7.5
CG-4 20 10 2 10
CG-5 30 25 1 7.5
CG-6 30 5 05 10
CG-7 30 7.5 2 25
CG-8 30 10 15 5
CG-9 40 25 15 10
CG-10 40 5 2 7.5
CG-11 40 7.5 0.5 5
CG-12 40 10 1 25
CG-13 50 25 2 5
CG-14 50 5 15 25
CG-15 50 7.5 1 10
CG-16 50 10 0.5 7.5

(2) Physicochemical properties of fly ash and cement: The particle size, phase composition and
chemical composition of the raw materials were characterized using a laser particle size analyzer
(Mastersizer 3000; repeatability <0.5%), XRD (D8 Advance; 2 0 accuracy 30.02° ), and XRF (S8

Tiger; RSD <5%).
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Figure 1. Particle size distribution and Cumulative volume of (a) fly ash and (b) cement.
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As shown in Fig. 1, the fly ash is classified as Class C fly ash in accordance with ASTM C618, and
its main chemical components are SiO: (51.14%) and Al:Os (25.55%), with a combined content of
76.69%, which meets the key compositional requirement (> 60%). It features a fine particle size (Dso =
12.86 pum, Dso = 45.47 pm), and the dominant crystalline phases are mullite and quartz. The cement
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employed is high-early-strength high-alumina cement, with a Deo value of less than 37.24 um,; its high
fineness is conducive to the hydration reaction. The chemical composition is given in Tab. 2.
Table 2. Main chemical components of fly ash and cement

Components SiO,(%) Al>03(%) Fe,03(%) CaO(%) MgO(%) K>0+Na,0(%)
Fly ash 51.14 25.55 6.71 8.77 1.27 6.56
Cement 8.02 50.11 2.56 32.52 0.26 0.39

2.2 Material preparation and testing methods

(1) Preparation process: HDCG-ISM was prepared using coal gangue, fly ash and cement as raw
materials. After dry-mixing uniformly, water and a water-reducing admixture were added, and the
mixture was stirred to form a slurry. The slurry was cast into molds and then cured in a constant
temperature and humidity chamber until complete solidification. The preparation process is illustrated
in Fig. 2.
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Figure 2. Material preparation and testing flowchart
(2) Basic property test of material: 1. Bleeding Rate: The slurry was placed into a 500 mL graduated
cylinder and left undisturbed in an environment at 20 °C. Timing commenced immediately after filling. The
height of the bled water on the surface was measured every 1 h, and the calculation way is given as Eq. (1)
as follows:
\Y
B=—x100% )
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Where, V, is the volume of bleeding water, mL; Vo is the initial volume of the slurry, mL. The
experiment was conducted in triplicate, and the average value was adopted. 2. Fluidity: In accordance
with GB/T 2419-2005, the fluidity of the slurry was determined using a cement mortar flow table tester.
The test was performed in triplicate, and the average value was adopted (per the standard, repeatability
error <5%. 3. Setting time test: In accordance with JGJ/T 70-2009, the initial and final setting times
of the slurry were measured by the penetration resistance method. The test was carried out under
standard temperature and humidity conditions. The corresponding time when the penetration resistance
reaches 0.5 MPa and 0.7 MPa is defined as the initial setting time and final setting time, respectively.
Three replicate tests were conducted and averaged (allowable difference <<10%). 4. Water retention
rate: Preparing standard slurry into 50 mm cubic specimens, cure them under standard conditions for 7
days, and then dry to constant weight denoted as mo. Subsequently, immerse the specimens in a constant-
temperature water bath at 40-130 °C for 48 hours to reach water saturation. Wipe the surface moisture
off and weigh the saturated mass. The water retention rate shall be calculated in accordance with Eq. (2)
as follows:
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Where, m; is the water retention mass in constant-temperature water bath, g; mg is the drying quality
after maintenance, g; V is the volume, mm?; p is the density of water at the corresponding temperature,
g/mm?. Three replicate tests shall be conducted under each set of conditions, and the average value shall
be adopted as the test result.

(3) Solidification characteristics in loose coal: 1. Macroscopic mechanical properties: Coal
samples with different particle sizes (5—10 mm, 10-20 mm, 20-30 mm) are placed into 100 mm cubic
molds. Slurry volumes of 150 mL, 200 mL, and 250 mL are separately poured into the molds. The
specimens are cured at a temperature of (20+5) °C and a relative humidity of 95%. By using a YA-300B
universal testing machine (load accuracy +0.5%) to load the specimens at a constant rate until failure.
The compressive strength is calculated in accordance with Eq. (3), and the average value of three parallel

tests is adopted as the result.

F=E

A )
Where, f is the compressive strength, MPa; F is the maximum failure load, N; A is the loaded area, mmz2.
2. Drying shrinkage behavior: With reference to JGJ/T 70-2009, the length changes of the specimens at
various curing ages under the temperatures of 30 °C, 40 °C and 50 °C shall be determined, and the
shrinkage rate shall be calculated in accordance with Eq. (4) as follows (permissible deviation 0.01%):
s 7L, —-L,9%100
" 50 @
Where, S, is the shrinkage rate after n days of curing, %; Lo is the initial length, mm; L, is the length
after n days of curing, mm; and 50 is the effective length, mm. 3. Microscopic morphology and structure:
Scanning electron microscopy (SEM; JSM-IT500; resolution 3.0 nm) is employed to observe the
interfacial morphology between the solidified slurry and coal mass. A Nicolet iN10 Fourier transform
infrared (FT-IR; Nicolet iN10; wavenumber accuracy +0.5 cm™) spectrometer is used to analyze the
functional groups of raw coal, slurry, and consolidated body, with a scanning range of 4000-400 cm™
and 32 cumulative scans.
(4) Air leakage plugging test of materials: A self-designed apparatus (Pascal's law based)
consisting of a plexiglass cylinder with an airtight piston and bottom molds (20-100 mm thickness) was
used. After blank calibration, the test specimen was placed in the mold, water was injected, and the

piston displacement was recorded. The sealing pressure difference (AP) was calculated from the water
column height before and after sealing. Each test was repeated three times.

3 Results and discussion
3.1 Analysis of basic material properties

(1) Orthogonal experimental analysis of material properties: Orthogonal tests and comprehensive
analysis on the key workability properties of the HDCG-ISM, including bleeding rate, slump, spread,
and setting time, demonstrate that the material properties are synergistically governed by four factors,
namely fly ash, cement, water reducer, and activator, and their influence rules are closely correlated
with the action mechanism of each component within the slurry. As shown in Fig. 3 and Tab. 3, the
minimum bleeding rate is obtained under the conditions of 50% fly ash content, 7.5% cement content,



0.5% water reducer, and 10% activator.
Table 3. Optimal levels of raw materials under different mechanical parameters

Mechanical Raw materials
parameters Qr (%) Q. (%) Qv (%) Q. (%)
Slump 30 2.5/ HS 0.5 2.5/S
Spread 50 2.5/ HS 2 7.5/S
Bleeding rate 50 7.5 0.5 10
Initial setting time 20 2.5/ HS 0.5 10
Final setting time 50 2.5/ HS 1.5 5

Notes: Qs is the fly ash dosage, %; Qc is the cement dosage, %; Qu is the water reducer dosage, %; Qa is the
activator dosage, %; HS is the highly significant; S is the significant.
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Figure 3. Raw material proportions on workability properties

It can be mainly ascribed to the micro-filling and adsorption effects of fine particles in high-volume
fly ash (Dso = 12.86 um), the water immobilization by the early cementitious network formed with an
appropriate cement content, and the activation of fly ash reactivity by a relatively high dosage of
activator to facilitate structural formation, which jointly improve the stability and water retention of the
slurry [10]. With respect to fluidity, cement dosage serves as the most critical influencing factor. A low
cement dosage (2.5%) can effectively reduce slurry viscosity and improve slump and spread, while the
spherical particle effect of fly ash and the dispersing effect of water reducer further enhance the
rheological properties of the slurry. The setting time is remarkably controlled by cement dosage: a low
cement content retards the hydration process and prolongs the operational time, and fly ash and activator
synergistically regulate the setting rate at the later stage, thereby realizing the rational control of the
setting process [18]. Based on the comprehensive trade-off of various indicators and range analysis, Mix
No. 4, composed of 85% coal gangue, 20% fly ash, 10% cement, 2% water reducer, and 10% activator,
is determined to achieve the optimal balance among all performance indicators. This mix ratio not only
ensures favorable construction fluidity and suitable setting time, but also exhibits excellent stability and
early structural formation capacity, laying a foundation for the subsequent solidification and air leakage
plugging performance of the material in loose coal.

(2) Stability analysis: As shown in Fig. 4, the stability of the material slurry is significantly affected



by the synergistic effect of each component. The mix proportion with the lowest bleeding rate and
optimal water retention occurs under the conditions of 50% fly ash content, 7.5% cement content, 0.5%
water reducer, and 10% activator. This is mainly attributed to the micro-aggregate filling and adsorption
effects of fine particles in high-volume fly ash (Ds;=12.86 um), which effectively reduce the pore
connectivity. An appropriate cement dosage contributes to the formation of an early cementitious
network and immobilizes free water. A relatively high activator dosage further activates the reactivity
of fly ash and promotes the generation of hydration products, which jointly enhance the water-holding
capacity and homogeneity of the slurry. In contrast, the mix proportions with excessively low cement
content or insufficient activator exhibit slow slurry structure formation, weak water retention capacity,
and are prone to bleeding and segregation. The comprehensive analysis indicates that the optimized mix
proportion not only satisfies favorable fluidity, but also possesses an extremely low bleeding rate and a
high-water retention rate, demonstrating that its fresh slurry has a stable structure and can effectively
prevent water loss and segregation during construction. This provides a guarantee for the subsequent
effective solidification and long-term plugging performance in loose coal.
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Figure 4. Bleeding and water retention rates of material
3.2 Analysis of material solidification characteristics

(1) Compressive strength: The solidification characteristics of HDCG-ISM under different
ambient temperatures are crucial for its long-term stable application in extreme environments such as
mines, and are directly related to mine safety support. As a key indicator determining the bearing
capacity, the evolution law of compressive strength with curing temperature can reflect the reliability of
the material structure [19]. As shown in Fig. 5, under curing temperatures of 30 °C, 40 °C and 50 °C,
the compressive strengths of the inorganic solidified cementitious material at 7 d, 14 d and 28 d all
exhibit a trend of increasing first and then decreasing. The maximum strengths at each curing age are
achieved at 40 °C, reaching 0.63 MPa, 0.94 MPa and 1.58 MPa, respectively. Compared with curing at
30 °C, the compressive strengths at 7 d, 14 d and 28 d under 40 °C curing are increased by 62%, 28.8%
and 58%, respectively. In comparison with 50 °C curing, the corresponding strengths are decreased by
7.9%, 6.4% and 5.69%, respectively. This variation law is mainly attributed to the effect of temperature
on the hydration process: a moderate temperature rise can accelerate cement hydration and promote the
densification of the internal structure, thereby improving the strength. However, an excessively high
temperature leads to an overly rapid hydration reaction, which tends to cause non-uniform internal stress
and microcracks. Meanwhile, intensified water evaporation results in insufficient moisture in the slurry,
impairing the completeness of the hydration reaction and ultimately exerting an adverse effect on the
compressive strength.



Compressive strength (MPa)

28

Maintenance time (day)
Figure 5. Compressive strength of HDCG-ISM

(2) Dry shrinkage behavior of solidified materials: Fig. 6 shows the variation trend of drying
shrinkage rate of the material with time under different curing temperatures. At the same temperature,
the drying shrinkage rate gradually increases with curing time and eventually tends to stabilize. At the
same curing time, the drying shrinkage rate rises with the increase of temperature. Specifically, the
drying shrinkage rate increases the fastest at 30 °C, reaching stability at approximately 21 d with a
shrinkage rate of 0.039%; at 40 °C, it stabilizes at about 42 d with a shrinkage rate of 0.046%; at 50 °C,
the drying shrinkage process lasts until 63 d, with a final drying shrinkage rate of 0.064% and a gentle
growth trend in the later stage. The pattern that the drying shrinkage rate first increases and then
stabilizes with time mainly originates from the formation of concave liquid surfaces at the gas-liquid
interface in capillary pores during water evaporation, which generates capillary pressure and pulls the
pore walls closer, resulting in continuous shrinkage of the material. Shrinkage ceases once water
evaporation is completed. High-temperature curing accelerates water diffusion and evaporation with
greater water consumption, thus significantly increasing the drying shrinkage rate [20].
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Figure 6. Drying shrinkage rate at the different temperatures

This is mainly because before setting and solidification, the material exists as a water-saturated
particle accumulation with fluidity. Hydration and pozzolanic reactions of cement and fly ash lead to
volume reduction, manifested as plastic settlement, accompanied by lateral expansion induced by the
self-weight of the material. As hydration products interweave and interlock, the material gradually loses
fluidity. When the formed skeleton is sufficient to support its self-weight, the setting and solidification
from plastic state to solid state is completed, at which point the lateral expansion reaches its maximum.
After the onset of solidification, chemical shrinkage is macroscopically exhibited as volume contraction.
In the initial stage, internal pore water forms a connected network. With the progress of hydration, the
solid structure restrains drying shrinkage, and capillary pores of various sizes are formed. Residual water
is partitioned, the connected network is disrupted, and internal humidity decreases. Capillary pore



tension becomes the dominant factor driving drying shrinkage until water is completely evaporated and
shrinkage terminates [21].

3.3 Macroscopic solidification characteristics of materials in loose coal

(1) Compressive strength: As illustrated in Fig. 7, under different particle sizes and grouting
volumes, for coal masses of the same particle size, the compressive strength of the consolidated body
increases with the rise in HDCG-ISM grouting volume; at an identical grouting volume, the strength
improves with the increase in coal particle size. At a grouting volume of 200 mL, the 28-day compressive
strength of the consolidated body formed with coal particles of 20-30 mm reaches 1.42 MPa,
representing increases of 77.5% and 6% compared with those of 5-10 mm and 10-20 mm coal particles,
respectively. This is primarily attributed to the superior particle gradation and packing effect of larger
coal particles, which reduce the porosity and increase the contact area between particles to enhance
interparticle friction [22]. Thereby, facilitating the formation of a more stable and continuous bonding
layer of HDCG-ISM on the coal surface. Furthermore, a higher grouting volume leads to more sufficient
filling of coal fractures by the slurry, which contributes to the formation of an intact and dense
consolidated body. Accordingly, ensuring a sufficient grouting volume is critical to meeting the strength
requirements for field applications. Under identical particle size and grouting volume conditions, the
compressive strength of the consolidated body increases with extended curing time. The early-age
strength is mainly derived from cement hydration, while the later-age strength is benefited from the

pozzolanic effect of fly ash.
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Figure 7. Compressive strength of consolidated

(2) Elastic modulus of materials: This section presents the stress-strain behavior and elastic
modulus of HDCG-ISM at various curing ages, under the conditions of a grouting volume of 200 mL
and coal particle size ranging from 20 to 30 mm. Under uniaxial compression, the deformation process
of the consolidated body undergoes four successive stages: compaction, elastic deformation, plastic
deformation, and softening [23]. As depicted in Fig. 8(a), the consolidated body cured for 28 days
exhibits a rapid stress increase in the elastic stage, followed by a sharp drop after the peak stress,
demonstrating distinct brittle characteristics. In contrast, specimens cured for 7 and 14 days present
strain-hardening behavior, with stress increasing continuously with strain and pronounced plastic
deformation. With prolonged curing time, the internal structure of HDCG-1SM gradually densifies, and
its mechanical behavior transforms from ductile to brittle. Furthermore, HDCG-ISM displays favorable
deformability and ductility, corresponding to a relatively large strain at peak stress and a lower peak
stress. This phenomenon is mainly attributed to the energy dissipation effect caused by the compression
and collapse of closed air voids within the material.

The variation in elastic modulus at different curing ages is illustrated in Fig. 8(b). Its elastic
modulus increases gradually with extended curing time, indicating an enhancement in the deformation



resistance of the consolidated body. This is ascribed to the continuous hydration reaction, which refines
and stabilizes the microstructure, and partially heals internal microcracks and pores. Consequently,
stress concentration is alleviated, leading to an improvement in the overall stiffness of the material.
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Figure 8. Stress-strain and elastic modulus curves of material

(3) Drying shrinkage behavior of the HDCG-ISM: As Fig. 9 illustrates the time-dependent
evolution of the drying shrinkage rate for HDCG-ISM and neat cement solidified material when used to
stabilize loose coal. At the same temperature, the drying shrinkage rate of the consolidated bodies for
both materials initially increases with curing time, followed by a gradual deceleration, and eventually
stabilizes. The final drying shrinkage rate of neat cement material is 0.041%, stabilizing after 35 days,
which is higher than the 0.032% of HDCG-ISM, which stabilizes after 21 days. The higher shrinkage
rate of neat cement stabilized material (NCSM) is mainly attributed to the following factors. First,
compared with pure cement, the fly ash in HDCG-1SM exhibits lower hydration activity and slower
reaction rate, resulting in a smaller amount of hydrated cementitious materials and C-S-H gel generated
at an early age. Second, the finer coal gangue particles act as micro-aggregates in the system, optimizing
the pore size distribution and reducing the total porosity. In addition, the appropriate amount of fiber
incorporated in HDCG-ISM can share part of the shrinkage stress, block the pathways for internal

moisture migration, and increase the tortuosity of moisture transport, thereby reducing capillary water
loss [24].
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Figure 9. Drying shrinkage rates of HDCG-ISM and NCSM
3.4 Microscopic solidification characteristics of materials in loose coal

(1) Pore structure of solidified materials: As Fig. 10 depicts the nitrogen adsorption-desorption
isotherms and pore size distributions of the loose coal masses solidified by the two materials after 28-



day curing at ambient temperature. The results indicate that the isotherms of both materials exhibit Type
IV characteristics, whereas the nitrogen adsorption quantity of the neat cement solidified material is
higher. As listed in Tab. 4, the specific surface area of the neat cement solidified material is 8.6589 m#/g,
and its pore volume and average pore diameter are both larger than those of the inorganic solidified
cementitious material. Compared with the NCSM, the specific surface area, pore volume and average
pore diameter of the inorganic solidified cementitious material are reduced by 55.58%, 65.36% and
22.02%, respectively. Meanwhile, both materials present a wide pore size distribution and high
dispersion, which may be related to the high content of Ca(OH): in cement hydration products and the
relatively loose structure [25]. In contrast, the finer fly ash particles in the inorganic solidified
cementitious material contribute to pore refinement in the system, leading to a relatively smooth pore
size distribution curve and demonstrating superior capability in pore structure regulation.
Table 4. SSA, PV and APD of consolidated materials and coal

Specimens SSA PV APD
NCSM 8.6589 0.032801 151.5263
HDCG-ISM 3.8467 0.011363 118.1527
Notes: SSA is the specific surface area, m?-g*; PV is the pore volume, cm3-g; APD is the average pore diameter, A.
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Figure 10. Nitrogen adsorption isotherms and pore volumes of ISM and coal composite

(2) Micro-morphology of the materials: Fig. 11 presents the micro-morphologies of raw coal, the
inorganic solidified cementitious material, and its consolidated coal, respectively. It can be observed
that the surface of raw coal is relatively smooth with no obvious attachments. In contrast, the inorganic
solidified cementitious material generates a substantial amount of C-S-H gel and AFt crystals after
hydration and solidification. These hydration products impart high strength to the material, and their
yield is directly correlated with the mechanical properties of the material. The microscopic interface of
the consolidated body composed of coal and the inorganic solidified cementitious material reveals a
tight bond between the two phases, forming an intact and dense integral structure. During the sealing
process, the material can penetrate from the surface fractures into the interior of the coal, effectively
filling both surface and internal fractures to achieve sealing and consolidation. After entering the
fractures, the material undergoes hydration reactions, and the resulting hydration products engage in
physicochemical interactions with the active groups in the coal. This further enhances the compactness
and stability of the interfacial bonding, thereby effectively sealing the fracture structures formed by
loose coal and mitigating the air leakage issues caused by fracture development.



(3) Elemental content of materials: It can be seen from Fig. 12, carbon (C) and oxygen (O) are the
dominant elements in raw coal, with mass fractions of 86.64% and 13.02%, respectively. In contrast,
the contents of other elements such as silicon (Si), aluminum (Al), sodium (Na), potassium (K), and
calcium (Ca) are extremely low, all lower than 0.13%. Compared with raw coal, the mass fraction of C
in the consolidated coal mass decreases to 69.72%, while the contents of all other elements increase.
Specifically, the mass fractions of O, Si, Al, Na, K, and Ca reach 24.21%, 3.56%, 0.14%, 0.24%, 0.05%,
and 1.08%, respectively. This variation is mainly attributed to the formation of hydration products from
the inorganic cementitious solidified material, including ettringite (3CaO-Al.O3-3CaSQO4-32H-0), C-S—
H gel, and Ca(OH).. These products enhance the contributions of O, Si, Al, Ca and other elements,
resulting in a corresponding reduction in the proportion of C. The results demonstrate that chemical
reactions occur between the cementitious material and the coal. Novel micro-compounds and
microstructures are generated at the interface between raw coal and the inorganic cementitious material,
which gives rise to a significant alteration in elemental composition.
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Figure 12. Elemental composition and Energy Dispersive X-ray Spectroscopy (EDS) spectra
(4) Functional groups of materials: The Fourier-transform infrared (FTIR) spectroscopic results
in Fig. 13 demonstrate that the area of the hydrogen-bond-associated absorption peak near 3445 cm™!
for the consolidated mass is significantly larger than that of raw coal, yet lower than that of the inorganic
cementitious solidified material itself. This indicates that hydroxyl groups in the cementitious material



interact with those in raw coal to form associated hydrogen bonds [26]. Although the variation in
absorption peak intensity among the three specimens is not obvious at 1630 cm™ and 1450 cm™, the
peak intensity of the consolidated mass falls between that of the inorganic cementitious solidified
material and raw coal, further verifying that the consolidated mass is the product of the interaction
between the two materials. At 1115 cm™, the inorganic cementitious solidified material exhibits a
relatively large absorption peak area corresponding to C—-O stretching vibration and C-H deformation
vibration, whereas raw coal shows no C-H absorption peak at this wavenumber. This suggests that the
relevant signals in the consolidated mass originate from new substances generated by the reaction of the
cementitious material.
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Figure 13. FTIR test and reaction schematic of test specimens

In addition, the aromatic hydrocarbon-derived absorption peak near 745 cm™ and the aromatic
disulfide absorption peak at 530 cm™ both confirm that coal molecules have been effectively
incorporated into the molecular structure of the inorganic cementitious solidified material, jointly
constructing a stable consolidated system. Through comparative analysis, it can be observed that during
the solidification process, hydrocarbon groups and alkyl groups in the cementitious material chemically
bond with free hydrocarbon groups and alkyl groups on the aromatic side chains of coal molecules,
forming hydrogen-bond associations and generating ether linkages via polymerization reactions.
Meanwhile, alkyl groups in the material react with alkyl groups on the aromatic side chains of coal to
produce new free radicals, promoting the interpenetration and integration of their molecular structures
[27]. In summary, the consolidation process between the inorganic cementitious solidified material and
coal is a synergistic outcome of intermolecular bonding through hydrogen bonds and ether linkages, free
radical formation, as well as the encapsulation of coal by the cementitious material. This further verifies
at the chemical level that the material can effectively consolidate the coal, seal fractures, and enhance
solidification performance via surface encapsulation and chemical bonding, thereby achieving favorable
leakage plugging effects.

(5) Analysis of solidification mechanism on materials: The solidification of loose coal mass by
inorganic cementitious curing materials is a complex multi-scale interactive process, which significantly
improves the overall structural stability and mechanical properties of coal mass through
physicochemical interactions. In underground air leakage zones, the material is injected into complex
fractures affected by mining-induced disturbances, and reacts with the coal mass to form a consolidated
body with considerable strength, which effectively fills the fractures and seals air leakage pathways. Its
bonding and solidification effects enhance the integrity of the loose coal mass, contributing to the
restoration of stress equilibrium and load-bearing capacity of the surrounding rock [28,29]. Specifically,
the material can markedly increase the cohesion and interfacial shear stress of the coal-material system.
Cohesion originates from the inter-molecular attractive forces within the material, prompting the



material injected into fractures to form a robust monolith and thereby strengthening the stability of the
coal structure. Meanwhile, sufficient interfacial shear stress ensures tight bonding between the material
and coal mass, resisting relative slippage under external loading [30].

In terms of structural support, the material condenses and solidifies within coal fractures to form a
continuous reticular skeleton. With the progression of hydration reactions, its intrinsic strength increases
continuously, and the bonding interface with the coal mass is progressively strengthened. As a fibrous
porous reticular medium, the material possesses favorable toughness, which exerts a skeletal supporting
effect during mining-induced coal deformation and maintains the structure integrity and stability [31].
Furthermore, the material optimizes the internal stress distribution of the coal mass: after solidification,
it elevates the shear strength of fracture surfaces and improves the failure resistance of the rock mass.
The expansive force generated by the filling body can counteract the original stress concentration,
regulate the internal stress distribution of the rock mass, thereby alleviating stress concentration and
reducing the risk of unstable fracture propagation.

3.5 Analysis of air leakage plugging characteristics of materials in loose coal

(1) Effect of accumulation thickness on sealing performance: Inorganic cementitious curing
materials achieve the sealing of air leakage zones mainly via grout injection. By bonding and solidifying
the loose coal mass, these materials exert effects of oxygen isolation, temperature reduction, and
surrounding rock reinforcement. In practical engineering applications, the accumulation thickness of the
material constitutes a critical factor governing sealing performance, whose optimal value needs to be
determined through laboratory experiments.

Table 5. Sealing performance for HDCG-ISM at the different thicknesses

Group Dj (mm) h; (cm) Go (N) Gi (N) AP; (N)
1 20 11.9 2224.6 1166.2 1058.4
2 40 19 2224.6 1862 362.6
3 60 21.9 2224.6 2146.2 78.4
4 80 22.2 2224.6 2175.6 49
5 100 22.2 2224.6 2175.6 49

Notes: D; is the coal size, mm; h; is the thickness, mm; Gy is the initial sealing pressure, N; G; is the different
sealing node pressures, N; AP; is the difference pressure of sealing, N.

As presented in Tab. 5, sealing performance data at various thicknesses were obtained by varying
the bottom material thickness and conducting water-column pressurization tests. For instance, under the
fully sealed condition (Go=2224.6 N), the corresponding pressure difference AP; at a thickness d;=20
mm is 1058.4 N. The results demonstrate that the sealing pressure difference AP of the material
decreases with the increase in accumulation thickness and gradually tends to stabilize. Specifically, AP
is 362.6 N at a thickness of 40 mm, and decreases to 78.4 N when the thickness is increased to 60 mm,
representing a reduction rate of approximately 78.4%. Subsequently, the variation of AP becomes gentle,
indicating that the sealing performance is relatively poor when the thickness is less than 40 mm, whereas
the sealing effect approaches a fully sealed state once the thickness exceeds 60 mm. This suggests that
60 mm is the rational thickness for this material to attain excellent sealing performance.

(2) Effect of coal particle size on sealing performance: During the interaction between inorganic
cementitious curing materials and loose coal mass, the active groups of the material can react with those
in the coal matrix, thereby achieving sufficient solidification and encapsulation of the coal mass to exert
sealing and reinforcement functions. In the absence of any sealing material, the test apparatus exhibits



a complete air leakage state. Based on previous experimental results, 60 mm was selected as the
thickness of the sealing layer. Sealing tests were subsequently conducted using both inorganic
cementitious curing materials and pure cement curing materials to bind coal specimens of three distinct
particle sizes.

The results are presented in Tab. 6. For the pure cement curing material, the corresponding pressure
differences AP for coal specimens with particle sizes of 20-30 mm, 10-20 mm, and 5-10 mm were 58.8
N, 147 N, and 127.4 N, respectively. In contrast, under identical conditions, the AP values for the
inorganic cementitious curing material were only 29.4 N, 49 N, and 78.4 N, corresponding to reductions
of 50%, 66.7%, and 38.5% in sequence. This indicates that the inorganic cementitious curing material
exhibits superior sealing performance for coal specimens of all tested particle sizes at a thickness of 60
mm, and its capacity to seal pores and fractures is significantly better than that of pure cement curing
material.

Table 6. Comparison of the sealing performance of inorganic solidification materials

Specimens D; (mm) h;i (cm) Go (N) Gi(N) AP; (N)
5~10 21.4 2224.6 2097.2 127.4
HDCG-ISM 10~20 21.2 2224.6 2077.6 147
20~30 22.1 2224.6 2165.8 58.8
5~10 23.5 2224.6 2303 78.4
NCSM 10~20 23.2 2224.6 2273.6 49
20~30 23 2224.6 2254 29.4

4 Conclusions

(1) The optimal mix proportion and fundamental properties of HDCG-ISM were identified. It can
be concluded that the optimal mass proportion determined via orthogonal test is 85% coal gangue, 20%
fly ash, 10% cement, 2% water reducer and 10% activator. Thus, the slurry exhibits favorable stability
and fluidity, with a 28-day compressive strength of 1.5 MPa that under above proportion, which meets
the pumpability and early-strength requirements for coal mine sealing materials.

(2) The solidification-strengthening mechanism and structural stability of HDCG-ISM in loose coal
were revealed. At a grouting volume of 200 mL and coal particle size of 20-30 mm, the 28-day
compressive strength of the consolidated body reaches 1.42 MPa. Microscopic analysis demonstrates
that the solidification effect originates from the network cementation of hydration products (C-S - H
gel and ettringite), physical filling of pores and fractures, as well as chemical bonding formed at the
coal-matrix interface. Comparing with pure cement material, the SSA, PV and average PD of the
HDCG-ISM consolidated body decrease by 55.58%, 65.36% and 22.02% respectively, resulting in a
much denser microstructure. Its drying shrinkage rate is merely 0.032%, remarkably lower than that of
pure cement material, indicating superior volume stability.

(3) The efficient sealing performance of HDCG-ISM adaptable to various coal conditions was
verified. Sealing performance tests show that the material presents significantly better sealing effect than
pure cement material. At an accumulation thickness of 60 mm, the sealing pressure difference (AP) for
coal samples with particle sizes ranging from 5 mm to 30 mm is reduced by 38.5%-66.7% relative to
pure cement material, and 60 mm is determined as the reasonable and economical thickness for efficient
sealing with this material.
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