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ABSTRACT

To effectively reduce the grouting cost of cement slurry for overlying rock fracture zones and
guarantee grouting sealing performance, this study tests the flow characteristic parameters of slurry
prepared by ball-milling coal gangue collected from the goaf of Zhujiamao Coal Mine in Shaanxi
Province, China, and determines the optimal particle size range of gangue powder suitable for fracture
zone grouting. The mechanical properties of consolidated specimens formed by gangue powder-
cement composite slurry with different mixing ratios and curing ages are compared and analyzed, and
the field application is conducted to verify the sealing performance of this composite grouting
material. Results show that finely ground coal gangue generates hydraulic hydration products to offset
strength reduction induced by partial cement substitution. Slurries with gangue powder finer than 0.2
mm behave similarly to pure cement slurries with high fluidity and low water separation rate, which
can act as aggregates for fracture sealing. As the water-cement ratio rises, slurry fluidity and water
separation rate surge, whereas funnel viscosity and density decline. The uniaxial compressive strength
of consolidated samples grows with lower gangue powder dosage and longer curing time. In field
grouting works for stope overlying rock fractures, gangue powder below 0.2 mm with an 8:1 gangue-
to-cement mass ratio and 1.7 water-cement ratio delivers a slurry diffusion distance of 75 m. The
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formed solidified mass has decent mechanical properties and can reliably seal fracture zones above
underground stopes.

KEYWORDS: flow properties; particle size distribution; coal-based solid waste; slurry mix
ratio, water-conducting fracture zone

1 INTRODUCTION

Conventional grouting materials for fractured zones are predominantly cement-based,
which leads to relatively high costs [1,2] Therefore, crushing the large quantity of coal
gangue generated during coal mining into fine particles to partially replace cement in slurry
preparation-while ensuring adequate flowability and sealing performance-not only
significantly reduces grouting costs but also enables large-scale resource utilization of coal
gangue solid waste. This approach has thus become a research hotspot and an important
development direction in the fields of coal mine grouting and solid waste resource utilization.

To achieve this objective, extensive studies have been conducted worldwide focusing on
three aspects: the performance of gangue-based grouting and backfilling materials, slurry
flow and diffusion behavior, and field application technologies.

In terms of material performance, Dong et al. [3] investigated the effects of coal gangue-
coal-series metakaolin ratios and alkali activators on the strength and fluidity of backfilling
materials. Guo et al. [4] systematically explored the influence of alkali activators on the
compressive strength and reaction mechanisms of coal gangue-slag-fly ash composite
geopolymer grouting materials, thereby improving the modification mechanism of multi-
solid-waste-based grouting systems. Jin et al. [S] prepared environmentally friendly grouting
repair materials using various coal-based industrial solid wastes and analyzed the effects of
material composition and microstructure on engineering performance, providing guidance for
the development of grouting materials for mine ecological restoration. Zha et al. [6] and Wu
et al. [7] analyzed, through laboratory experiments and numerical simulations, the effects of
particle size on the compressive behavior and compaction-induced deformation and failure
characteristics of coal gangue. Wang et al. [8] incorporated nano-graphene oxide into coal-
based solid waste grouting materials and found that appropriate addition significantly
improves compressive and tensile strength, offering a new approach to mitigating the
brittleness of gangue-based materials. These studies mainly focus on optimizing intrinsic
material properties (e.g., mix proportion, modifiers, and particle size), whereas targeted
investigations on slurry adaptability, diffusion and sealing mechanisms, and field validation
under the specific engineering condition of fractured-zone grouting remain insufficient.

Regarding slurry flow and diffusion behavior, Tani et al. [9] and Majidi et al. [10]
analyzed the diffusion characteristics of Newtonian, Bingham, and yield-power-law fluids
between parallel plates, providing a theoretical foundation for grouting. However, actual
gangue powder slurry is a solid-liquid two-phase non-Newtonian fluid containing a certain
proportion of coarse particles, and its flow blockage and filtration behavior in rough fractures
require further investigation. Wang et al. [11] conducted systematic rheological tests on coal-
based solid waste geopolymer grouting materials and established a theoretical model for
slurry diffusion in inclined fractured aquifers, enriching the theoretical framework for solid-
waste-based slurry flow and transport. Li et al. [12] examined the diffusion behavior of
gangue fluidized backfilling slurry in the goaf of fully mechanized top-coal caving faces in
thick coal seams, clarifying the slurry distribution characteristics in goaf scenarios. Weng et
al. [13] employed LF-NMR technology to study the effects of temperature, confining
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pressure, flow velocity, and fracture number on grouting diffusion, although their work did
not specifically address gangue slurry.

In terms of engineering technology and field application, Wang et al. [14] proposed a
gangue fluidized backfilling technology and analyzed the interaction between slurry and goaf
using discrete element simulations. Gu et al. Blad! Nie mozna odnalez¢ Zrodla odwolania.
systematically summarized integrated slurry backfilling technologies for coal mining
subsidence areas, including material preparation, transportation, borehole layout, and
performance monitoring. Yang et al. [16] conducted advance borehole grouting and filling
tests in the Ningdong mining area, preliminarily verifying the feasibility of the technology. Li
et al. [17] proposed a “high-low level coordinated co-filling technology,” which has been
validated through industrial-scale tests, demonstrating the feasibility of gangue fluidized
filling in caving zones. Li et al. [18] optimized the process parameters for coal gangue
crushing and slurry preparation and conducted field tests of overburden grouting in the
Hulusu Coal Mine, further confirming the practical applicability of gangue-based slurry in
overburden grouting engineering.

Overall, existing studies have achieved significant progress in the fundamental physical
and mechanical properties of gangue-based filling materials and in fluidized backfilling
technologies. However, for the specific engineering scenario of fractured-zone grouting,
several limitations remain: the optimal particle size range of gangue powder slurry has not
been clearly defined; the quantitative relationships among mix proportion, water-binder ratio,
curing age, and the mechanical properties of gangue powder—cement consolidated bodies are
insufficiently studied; and most field applications focus on goaf or caving zone filling, with
limited engineering validation for sealing overburden fractured zones.

In this study, the performance parameters of slurry prepared from coal gangue in the
goaf of the Zhujiamao Coal Mine-after ball milling and crushing—were experimentally
investigated. The effects of particle size range and water-binder ratio on slurry performance
were analyzed to determine the optimal gangue powder particle size suitable for fractured-
zone grouting. The mechanical properties of consolidated gangue powder-cement slurry
under different mix proportions and curing ages were comparatively evaluated to identify an
appropriate material proportion for field requirements. Finally, field application was
conducted to verify the grouting sealing performance. The results provide a theoretical and
practical basis for the application of gangue powder slurry in grouting and sealing of
overburden fractured zones in coal mining operations.

2 ENGINEERING BACKGROUND

The Zhujiamao Coal Mine is located in Hengshan District, Yulin City, Shaanxi
Province, and is operated by Shaanxi Zhongtai Energy Investment Co., Ltd., with an
approved production capacity of 4.0 Mt/a. The No. 3 coal seam exposed in the 1310 working
face belongs to the Early Permian Yan’an Formation. The coal is predominantly bright coal,
followed by dull coal, with a relatively simple and stable seam structure. Typically, one
gangue interlayer is present, composed of brownish-gray siltstone. The coal seam is
characterized by well-developed endogenous fractures filled with thin pyrite films. The seam
dip ranges from 0° to 0.6°, with an average thickness of 1.8 m. It is shallowly buried and
nearly horizontal, representing a typical shallow-buried, near-horizontal coal seam.

Mining at the 1310 working face ceased in July 2024. During the extraction period, the
maximum water inflow reached 30 m’/h. By November of the same year, the maximum
inflow increased to 75 m3/h. The primary source of water inflow is sandstone fracture water
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from the roof of the coal seam. The large mine drainage volume necessitates continuous
underground pumping after mining, which not only increases operational costs and reduces
mining efficiency but also leads to water seepage along roadway coal walls. Such seepage
results in prolonged water exposure of support systems, including rock bolts and mesh, as
well as the floor strata, thereby significantly compromising roadway support performance.
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Fig 1 Water accumulation in the old workings of 1310 working face
3 GROUTING MATERIALS AND HYDRATION MECHANISM

3.1 Test materials

The gangue used in the tests was taken from the Zhujiamao Coal Mine in Hengshan
County, Yulin City, Shaanxi Province, as shown in Figure 2. The true density of the gangue
is 2.63 g/cm?, and its bulk density under a pressure of 5 MPa is 2.01 g/cm?®. Two types of
cement were used in the tests: 42.5 grade ordinary Portland cement produced by Xingtai
Zhonglian Cement Co., Ltd., and 32.5 grade slag Portland cement produced by Kuishan

Cement Co., Ltd.

Fig.2 Coal gangue from the Zhujiamao Coal Mine

To clarify the elemental composition of the gangue from the Zhujiamao Coal Mine, the
gangue samples were tested using X-ray fluorescence (XRF) technology, and the results are
shown in Figure 3. The XRF spectrum indicates that the main components of the Zhujiamao
Coal Mine gangue are C, SiO2, Al,03, CaO, Fe>O3, and SOs, with minor amounts of K>O,
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SrO, NaO, MgO, TiO2, BaO, and others. The chemical compositions of the gangue powder
and cement materials used in the tests are presented in Table 1.
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Fig.3 X-ray fluorescence (XRF) spectrum of coal gangue from Zhujiamao Coal Mine

Table 1. Chemical composition of gangue powder and cement %

Material Name C SiO» ALO3 Fe;0s CaO MgO SO3 KO
Grade 42.5 cement — 21.77 5.23 3.56 62.23 1.52 — 0.63
Grade 32.5 cement — 36.48 10.68 9.56 38.46 2.09 0.23 0.25

gangue 46.4 23.6 8.53 5.43 73 0.67 431 0.99

3.2 Mechanism of Hydration Reaction

When coal gangue is ground into powder, its specific surface area per unit mass
increases as its geometric size decreases, thereby enhancing its chemical reactivity. If lime or
Portland cement is used as an activator, the reactivity of coal gangue can be defined as the
ability of the finely ground gangue to directly react with Ca(OH), released from lime or
cement to form hydraulic hydration products, which can compensate for the strength loss
caused by the reduction of cement. According to the theory of cement hydration, the strength
of cement mortar mainly depends on the formation of ettringite from the hydration of
tricalcium aluminate and the formation of C-S-H gel from the hydration of calcium silicate.
After mixing cement with the ground coal gangue powder and water, the C>S and CsS in
cement react with water to produce calcium silicate hydrate and calcium hydroxide.

3Ca0 - Si0, + nH,0 — xCa0 - Si0, - yH,0 + (3 — x)Ca(0H), (1)
2Ca0 - Si0, + nH,0 - xCaO - Si0, - yH,0 + (2 — x)Ca(OH), 2)

Then, the SiO; and Al2O3 in the coal gangue react with Ca(OH)> to form calcium
silicate hydrate and calcium aluminate hydrate gels.

Si0, + xCa(OH), + (n — 1)H,0 — xCaO0 - Si0, - nH,0(C — S — H) 3)
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Al203 + SCG(OH)Z + 3H20 - 3Ca0 - Ale3 - 6H20(C3AH6) (4)

Reactive Al303 also reacts with Ca(OH); and CaSOy4 to form ettringite.

Al,05 + 3Ca(0H), + 3CaS0, - 2H,0 + 23H,0 — 3Ca0 - Al,0; - 3CaS0, - 32H,0 (s

The active components in coal gangue contribute to the formation of C-S-H gel and
ettringite; these secondary hydration products fill the pores within the cement matrix and
optimize the pore structure of the cement, thereby compensating to a certain extent for the
strength loss caused by the reduction in cement content. The activity of coal gangue is
influenced by various factors such as its source and mineral composition; therefore, in
practical engineering, the optimal dosage and mix proportion should be determined through
specific tests.

3.3 Preparation of gangue powder samples

The coal gangue was finely ground using a ball mill to enhance its reactivity. The
rotational speed was set to 600 r/min, and the grinding time was 15 minutes. For the gangue
powder with a particle size of <0.2 mm after ball milling, representative oven-dried samples
were obtained using the quartering and diagonal sampling method. The sieving machine was
operated with a shaking time of 15-20 min. The sieves were sequentially removed starting
from the largest aperture, and the particle size distribution of the gangue powder (<0.2 mm)
was obtained by weighing, which was then compared with the particle size distributions of
the two types of cement, as shown in Figure 4.
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Fig.4 Particle size distribution of gangue powder and cement

As shown in Figure 4, after 15 minutes of grinding, among the gangue powder with a
particle size of <0.2 mm, particles with sizes between 0.08 mm and 0.109 mm accounted for
56.5 % of the total, and particles smaller than 0.075 mm accounted for 8.2 % of the total. For
the 42.5 grade cement, particles in the range of 0.08-0.109 mm made up 50.2 %, and particles
smaller than 0.075 mm made up 25.2 % of the total. For the 32.5 grade cement, particles in
the range of 0.08-0.109 mm accounted for 43.7 %, and particles smaller than 0.075 mm
accounted for 23.4 % of the total.
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4  TEST METHODS AND EXPERIMENTAL PROCEDURES
4.1 Test methods for grouting slurry performance

The testing methods for slurry properties are as follows:

(1)Viscosity test. The slurry viscosity was measured using an NC-1006 viscometer. A
measuring cup was used to pour 700 mL of slurry through a sieve into the viscometer, with
the outlet blocked by a finger during pouring. After the slurry was completely poured, the
time required for 500 mL of slurry to flow out from the bottom of the funnel was recorded as
the funnel viscosity of the slurry. The flow time for clean water should be 15 + 0.5 s.

(2) Fluidity test. The slurry fluidity was measured using a cement paste fluidity mold.
The mixed slurry was poured into the truncated cone mold. After filling, the mold was lifted
to allow the slurry to spread freely. After 30 s, the maximum diameters in two perpendicular
directions of the spread slurry were measured, and their average value was taken as the slurry
fluidity.

(3) Density test. A 100 mL graduated cylinder was used. The mass of the empty
cylinder was weighed as m1. The slurry was poured into the cylinder up to the 100 mL mark,
and the mass was weighed as m?. The slurry density was then calculated according to
Equation (6).

m, —my

> O]

p:

where p is the slurry density in g-cm™, m; is the mass of the graduated cylinder in g, m>
is the total mass of the cylinder plus 100 mL of slurry in g, and V is the slurry volume of 100
mL.

(3)Water separation rate test. A 100 mL slurry sample was placed into a 100 mL
graduated cylinder and allowed to stand for 2 hours. The scale corresponding to the interface
between the clear water at the top and the slurry at the bottom was recorded. The volume of
the clear supernatant V; was read. The water separation rate of the slurry was calculated using
Equation (7).

|4

B= 71 x 100% (7)

where B is the water separation rate of the slurry, V; is the volume of the clear
supernatant in mL, and ¥ is the slurry volume of 100 mL.

(4)Uniaxial compressive strength. This refers to the maximum compressive stress per
unit area that a rock or other material can withstand when compressed uniaxially to failure.
Standard cylindrical specimens with a diameter of 50 mm and a height of 100 mm were used.
A uniaxial compressive strength testing machine was used to apply pressure slowly until the
specimen failed. Three specimens were selected for each group, and the test results were
averaged to reduce error. The maximum pressure value at failure was recorded, and the
uniaxial compressive strength was calculated using Equation

O-C_Z ()
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where o, is the uniaxial compressive strength in Pa, P is the maximum pressure at
failure in N, and 4 is the compressive area of the specimen in m?.

4.2 Experimental design

Research indicates that if the particle size of the grouting material is too large, it not
only becomes difficult for the material to enter the overburden fracture zone but also easily
causes blockage of the grouting pipe. Conversely, if the gangue is ground too finely, it
increases the pretreatment time and preparation cost of the material [19]. Therefore, gangue
powders with particle sizes of <0.2 mm and <0.3 mm, similar to the particle size of cement,
were selected. The flow performance of gangue powder slurries with these two particle sizes
and two types of cement slurries was tested. Further tests were conducted on the performance
of gangue powder-cement mixed slurry with a particle size of <0.2 mm. The water-cement
ratio for all test groups was set from 1.0 to 1.7. The detailed test scheme is shown in Table 2,
and the preparation process of the grouting materials is illustrated in Figure 5.

Table 2. Test scheme

Number | Water-cement ratio Grouting material Particle size range or material ratio

1 1.0~1.7 Coal gangue powder <0.2 mm

2 1.0~1.7 Coal gangue powder <0.3 mm

3 1.0~1.7 42.5 Portland cement whole particle size range

4 1.0~1.7 32.5 Portland cement whole particle size range

5 1.0~1.7 <0.2 mm coal gangue powder : cement 1:1

6 1.0~1.7 <0.2 mm coal gangue powder : cement 2:1

7 1.0~1.7 <0.2 mm coal gangue powder : cement 3:1

8 1.0~1.7 <0.2 mm coal gangue powder : cement 4:1

9 1.0~1.7 <0.2 mm coal gangue powder : cement 8:1
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Fig.5 Schematic diagram for the preparation of gangue powder and cement grouting materials

5 COMPARATIVE ANALYSIS OF FLOW PERFORMANCE OF SLURRIES PREPARED
WITH A SINGLE GROUTING MATERIAL

5.1 Comparison of viscosity of slurry funnels with different grouting materials

To investigate the effects of water-cement ratio and different materials on the viscosity
characteristics of the slurry, the viscosity values of each group of slurries were measured
using an NC-1006 viscometer. The resulting curves of slurry viscosity as a function of water-
cement ratio are shown in Figure 6.

] —— <0.2 mm coal gangue powder
—@— <0.3 mm coal gangue powder
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—w¥— 32.5 Portland cement
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‘Water-cement ratio

Fig.6 Viscosity of gangue powder and cement grouting material slurry in the funnel
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As shown in Figure 6, the funnel viscosity of each slurry group decreases with
increasing water-cement ratio. Among them, the 32.5 grade cement slurry exhibits the lowest
funnel viscosity, while the gangue powder slurry with a particle size of <0.3 mm shows the
highest funnel viscosity. At low water-cement ratios, the difference in funnel viscosity
between the gangue powder slurry and the cement slurry is relatively large. As the water-
cement ratio increases, the viscosity of the gangue powder slurry with a particle size of <0.2
mm gradually approaches that of the two cement slurries. When the water-cement ratio is
below 1.3, there is little difference in viscosity between the gangue powder slurries with
particle sizes of <0.2 mm and <0.3 mm. When the water-cement ratio ranges from 1.3 to 1.7,
the viscosity difference between the two particle sizes gradually increases. From the
experimental results, compared with the gangue powder slurry with a particle size of <0.3
mm, the viscosity of the gangue powder slurry with a particle size of <0.2 mm is closer to
that of the cement slurry, making it more suitable for partially replacing cement as a grouting
material for fractures.

5.2 Comparison of flowability of different grouting materials

The fluidity curves of cement and gangue powder grouting materials under different
water-cement ratios are shown in Figure 7.
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Fig.7 Fluidity of slurry of gangue powder and cement grouting material

As shown in Figure 7, the fluidity of each slurry group increases with the increase of
water-cement ratio. At the same water-cement ratio, the 32.5 grade cement slurry exhibits the
highest fluidity, while the gangue powder slurry with a particle size of <0.3 mm shows the
lowest fluidity. The fluidity difference between the two gangue powder slurries is small at
low water-cement ratios. However, as the water-cement ratio increases, the rate of change in
fluidity of the gangue powder slurry with a particle size of <0.3 mm shows a decreasing
trend, whereas that of the gangue powder slurry with a particle size of <0.2 mm remains
stable. The fluidity of the gangue powder slurry with a particle size of <0.2 mm is higher than
that of the gangue powder slurry with a particle size of <0.3 mm, and is closer to the fluidities
of the two cement slurries. A slurry with higher fluidity flows more easily during pipeline
transportation, which can reduce transportation resistance and lower energy consumption
[20]. From the perspective of slurry fluidity comparison, gangue powder with a particle size
of <0.2 mm is more suitable for partially replacing cement as a grouting material for the
fracture zone.
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5.3 Comparison of Slurry Density of Different Grouting Materials

Figure 8 shows the density curves of cement and gangue powder grouting materials
under different water-cementratios.
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Fig.8 Density of slurry of gangue powder and cement grouting material

As shown in Figure 8, the density of each slurry group gradually decreases with the
increase of water-cement ratio. At the same water-cement ratio, the 42.5 grade cement slurry
has the highest density, while the 32.5 grade cement slurry has a slightly lower density. The
density difference between the two cement slurries is small, and the density of the gangue
powder slurry with a particle size of <0.2 mm is slightly lower than that of the gangue
powder slurry with a particle size of <0.3 mm. Slurry density is one of the important
parameters characterizing its pumpability. Under the premise of ensuring the grouting effect,
a lower slurry density is beneficial for reducing pumping energy consumption [21,22].
Therefore, from the perspective of density index, gangue powder with a particle size of <0.2
mm can be selected to partially replace cement as a grouting material for the fracture zone.

5.4 Comparison of water separation rate of different grouting materials

Figure 9 shows the water separation rate curves of cement and gangue powder grouting
materials under different water-cement ratios.

409 _m— <0.2 mm coal gangue powder
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Fig. 9 Water separation rate of slurry of gangue powder and cement grouting material
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As shown in Figure 9, the bleeding rate of each slurry group shows a positive
correlation with the water-cement ratio. When the water-cement ratio increases from 1.0 to
1.7, the bleeding rate of the gangue powder slurry with a particle size of <0.2 mm increases
from 16% to 33%, an increase of 17 percentage points, while the gangue powder slurry with a
particle size of <0.3 mm exhibits the lowest bleeding rate. At the same water-cement ratio,
the bleeding rate of the 32.5 grade cement slurry is slightly higher than that of the 42.5 grade
cement slurry. The bleeding rate of the gangue powder slurry with a particle size of <0.2 mm
is similar to those of the two cement slurries, indicating that the slurry prepared with gangue
powder of this particle size can meet the stability requirements for grouting engineering in the
fracture zone [23]. Therefore, solely from the perspective of slurry bleeding rate, gangue
powder with a particle size of <0.2 mm can partially replace cement as a grouting material for
the fracture zone.

6 PERFORMANCE OF GANGUE POWDER-CEMENT MIXED SLURRY
6.1 Uniaxial compressive mechanical properties of mixed consolidated bodies

Directly using gangue powder as a grouting material for fracture zones presents issues
such as poor integrity, low compactness, and insufficient compressive strength of the
consolidated body, which may pose threats to underground operations and personal safety
[24-26]. Therefore, a certain proportion of cement is added to the gangue powder slurry with
a particle size of <0.2 mm to improve the mechanical properties of the consolidated body, so
as to effectively seal water-conducting fractures. Standard specimens were prepared by
mixing gangue powder of <0.2 mm with two types of cement at mixing ratios of 8:1, 4:1, 3:1,
2:1, and 1:1, and were cured for 3, 7, 14, and 28 days before being subjected to uniaxial
compression tests. Figure 10 presents the uniaxial compressive strengths of the consolidated
bodies of the gangue powder-Grade 32.5 cement mixed slurry under different ratios at curing
ages of 3, 7, 14, and 28 days, while Figure 11 shows those for the gangue powder-Grade 42.5
cement mixed slurry under the same conditions.
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Fig.10 Uniaxial compressive strength of coal gangue powder and 32.5-grade Portland cement specimens
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Fig.11 Uniaxial compressive strength of coal gangue powder and 42.5-grade Portland cement specimens

From Figures 10 and 11, it can be seen that the uniaxial compressive strength of gangue
powder-cement mixed slurry solids increases overall with a decrease in gangue powder
content and an extension of the curing period. Taking the 28-day curing period as an
example, for gangue powder with a particle size of less than 0.2 mm mixed with 32.5-grade
cement in ratios of 8:1, 4:1, 3:1, 2:1, and 1:1, the uniaxial compressive strengths are 0.33,
1.02, 1.1, 2.4, and 3.3 MPa respectively; for gangue powder with a particle size of less than
0.2 mm mixed with 42.5-grade cement in the same ratios, the uniaxial compressive strengths
are 0.31, 0.6, 1.0, 2.1, and 2.9 MPa respectively. When gangue powder with a particle size of
less than 0.2 mm is mixed with 32.5-grade cement at a ratio of 8:1, the uniaxial compressive
strength of the solid after 3 days of curing is 0.05 MPa, increasing significantly to 0.33 MPa
after 28 days. Similarly, when gangue powder with a particle size of less than 0.2 mm is
mixed with 42.5-grade cement at a ratio of 8:1, the uniaxial compressive strength of the
mixed slurry solid reaches 0.3 MPa, showing certain consolidation properties. At 28 days,
when the ratio of gangue powder with a particle size of less than 0.2 mm to cement is 3:1, the
uniaxial compressive strength of the specimens exceeds 1 MPa; at a ratio of 2:1, the uniaxial
compressive strength exceeds 2 MPa; and when mixed with 32.5-grade cement at a ratio of
1:1, the 28-day uniaxial compressive strength of the solid reaches 3.3 MPa.

6.2 Flow characteristics of mixed slurry

To test the flow performance of gangue powder-cement slurry, the density and viscosity
comparison curves of the slurry made from gangue powder with particle size <0.2 mm and
two types of cement at different ratios were obtained through experiments, as shown in
Figures 12 and 13.\

| Inzynieria Mineralna — Styczen - Czerwiec 2026  January - June Journal of the Polish Mineral Engineering Society ‘




—P— <0.2 mm coal gangue powder

—@— <0.2 mm coal gangue powder : 32.5-grade cement = 8:1
24 1 —&— <0.2 mm coal gangue powder : 32.5-grade cement = 4:1
—¥— <0.2 mm coal gangue powder : 32.5-grade cement = 3:1
i <0.2 mm coal gangue powder : 32.5-grade cement = 2:1
<0.2 mm coal gangue powder : 32.5-grade cement = 1:1
—l— 32.5-grade cement
22 4
20
18 ‘///

T T T T T 1
1.15 1.20 1.25 1.30 1.35 1.40 1.45

Funnel viscosity/s

Density/ (g-cm?)

Fig.12 Coal gangue powder-32.5 Portland cement mixed slurry
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Fig.13 Coal gangue powder-42.5 Portland cement mixed slurry

As shown in Figures 12 and 13, after adding 42.5-grade cement or 32.5-grade cement to
gangue slurry with a particle size of less than 0.2 mm, the density and funnel viscosity curves
of the mixed slurry lie between those of pure gangue slurry and pure cement slurry. At the
same density, as the cement content increases, the viscosity of the mixed slurry gradually
decreases, improving its fluidity [27]. Therefore, adding a portion of cement to gangue with a
particle size of less than 0.2 mm as a grouting material for fracture zones can effectively
reduce grouting costs while ensuring the fluidity of the slurry and the mechanical properties
of the solidified body, offering significant economic benefits and engineering application
value.

7  FIELD GROUTING APPLICATION IN OVERBURDEN FRACTURE ZONE
7.1 Borehole Design for the Water-Conducting Fracture Zone in the Working Face

To effectively seal the water-conducting channels of mining-induced fractures, it is
necessary to determine the development height and range of the water-conducting fracture
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zone of the fully mechanized caving face in the Zhujiamiao Coal Mine and to design
reasonable borehole depths accordingly. The coal thickness of the 1310 working face is 2 m.
Based on empirical formula calculations, the height of the water-conducting fracture zone is
approximately 54.4 m. By analyzing the variation in drilling fluid loss and combining with
downhole television observation results, the development range of the water-conducting
fracture zone was comprehensively determined. The downhole television image data are
shown in Figure 14.

Fig.14 Imagery data from borehole televiewer

Based on the general situation of the 1310 working face of the Zhujiamao Coal Mine
and the parameters of the coal gangue-cement slurry, the diffusion radius was designed to be
75 m. According to the slurry diffusion radius, the borehole layout for the 1310 working face
was determined.

According to the theory of strata movement, the porosity on both sides of the caving
zone of the working face is greater than that in the middle. To effectively seal the fracture
zone in the 1310 goaf, two rows of grouting holes were arranged near the upper and lower
gateways, with the two rows of holes located 75 m away from the section coal pillars on both
sides, respectively. In this study, one set of test holes was arranged on the surface in the
middle of the 1310 goaf. The test hole set consisted of two grouting holes and one
verification hole. The final hole horizon of the grouting holes was designed to be the upper
part of the caving zone, with a vertical borehole depth of 236.6 m. Figure 15 shows a
schematic diagram of the borehole structure.
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Fig.15 Schematic diagram of borehole configuration

7.2 Selection of key parameters for field grouting with gangue powder-cement mixed slurry

For grouting in the fracture zone of the Zhujiamao Coal Mine, gangue powder with a
particle size of <0.2 mm was used, with a gangue powder-to-cement ratio of 8:1 and a water-
cement ratio of 1.7. In the early stage of grouting, the pipelines and fractures were not filled,
resulting in low grouting pressure. As the grouting volume increased, the fractures were
gradually filled with slurry, and the pressure rose. Grouting was stopped when the pressure
increased to 4 MPa.

7.3  Analysis and verification of slurry diffusion range

After the completion of the grouting project, a verification borehole was drilled, and
coring was started from the bedrock to observe whether grouting material had infiltrated. The
core sampling result at a borehole depth of 238.2 m is shown in Figure 16. The final depth of
the borehole was 240.5 m, and it entered the caving zone for a total of 6.65 m. At a depth of
238.2 m, the core showed consolidated body of gangue powder-cement mixed slurry.
Combined with the grouting hole layout parameters, this indicates that the fracture zone
grouting slurry had filled to the top of the caving zone and that the diffusion distance reached
75 m. The field grouting engineering practice shows that the experimentally obtained gangue
powder-cement mixed slurry has good flow and diffusion performance in the fracture zone.

3 & .“
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Fig. 16 Core sampling results from the borehole at a depth of 238.2 m

7.4 Plugging and control effectiveness for water inflow in working face

To verify the plugging effectiveness of the gangue powder-cement mixed slurry after
the completion of the grouting project at the Zhujiamao Coal Mine, the water discharge rate
of the drainage hole in the 1310 goaf was continuously recorded for a period up to 100 days
from the start of the grouting operation. Figure 17 presents the variation curve of the water
discharge rate of the drainage hole in the 1310 goaf. Before grouting, the water discharge rate
of the drainage hole in the 1310 goaf was 75 m?/h; after grouting, the measured discharge rate
decreased to 43 m*/h, representing a reduction of approximately 42.7%. After the treatment,
the mine water inflow decreased by about 768 m?® per day, indicating a significant
water-plugging effectiveness..
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Fig.17 Variation Curve of Drainage Rate from Water Discharge Hole in 1310 Goaf
8 CONCLUSION

This study experimentally investigated the flow properties of slurry prepared from coal
gangue in the goaf of the Zhujiamao Coal Mine after ball milling and crushing, analyzed the
reaction mechanisms between gangue powder and cement, and examined the effects of
particle size distribution and water-binder ratio on slurry performance. An optimal particle
size range of gangue powder suitable for grouting in mining-induced fractured zones was
identified. The mechanical properties of consolidated gangue powder-cement slurry and the
flow characteristics of the slurry were systematically tested and analyzed. Furthermore, the
gangue powder-cement slurry was applied in the grouting and sealing project of the
overburden fractured zone in the 1310 goaf. The main conclusions are as follows:

(1) Compared with slurry prepared from gangue powder with particle size <0.3 mm,
slurry prepared from gangue powder with particle size <0.2 mm exhibits properties closer to
those of cement slurry, with better fluidity and lower bleeding rate, and can be used as a
grouting material for fractured zones.

(2) With increasing water-binder ratio, the fluidity and bleeding rate of gangue powder
slurry increase rapidly, while the funnel viscosity and density decrease. Among these factors,
the water—binder ratio has the most significant effect on bleeding rate; when the ratio
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increases from 1.0 to 1.7, the bleeding rate of slurry prepared from gangue powder with
particle size <0.2 mm increases by 17 percentage points.

(3) Finely ground coal gangue exhibits the ability to generate hydraulic hydration
products, which compensates for the strength loss caused by partial cement reduction. The
uniaxial compressive strength of the consolidated gangue powder-cement slurry increases
with decreasing gangue powder content and increasing curing age. For example, at a curing
age of 28 d, when the mixing ratio of gangue powder (<0.2 mm) to 32.5-grade cement is 8:1,
the uniaxial compressive strength reaches 0.33 MPa; when mixed with 42.5-grade cement at
the same ratio, the strength reaches 0.31 MPa.

(4) The mixing ratio of gangue powder (<0.2 mm) to cement significantly influences
slurry flow properties. At a ratio of 8:1, the viscosity is lower than that of pure gangue
powder slurry at the same density; at a ratio of 1:1, the density-viscosity relationship of the
slurry is similar to that of pure cement slurry. Notably, at the 8:1 ratio, the slurry maintains
good fluidity and consolidated strength while significantly reducing grouting costs,
demonstrating favorable economic efficiency and engineering applicability.

(5) In the field fractured-zone grouting application, gangue powder with particle size
<0.2 mm and a gangue-to-cement ratio of 8:1 were adopted. After completion of the grouting
operation, consolidated gangue powder-cement slurry was observed in core samples at a
borehole depth of 238.2 m in verification drilling, indicating good slurry diffusion
performance. In addition, the drainage from goaf discharge boreholes decreased significantly,
confirming that the gangue powder-cement slurry at this proportion can effectively seal the
water-conducting fractured zone in the overburden.
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