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Abstract: Static crushing agent (SCA) offers advantages such as good safety, no harmful gases, and
minimal vibration, making SCA ideal for rock crushing in mines or underground engineering. To
scientifically implement the section expansion of mine roadway, the rock mechanical parameters,
SCA expansion properties, and cracking behavior of surrounding rock were investigated using
laboratory tests, numerical simulations, and field experiments. Results indicate that the smaller hole
spacing of SCA improves the fracturing effect on rock mass, reduces the required fracture initiation
stress and penetration stress, and the presence of a free surface aids in fracture development in
the rock mass. Optimal borehole design parameters and spacing distributions of the SCA were
determined, and corresponding construction techniques of roadway expansion were proposed. Field
tests demonstrate that static crushing technology, under multi-row drilling conditions, is highly
effective for rock roadway expansion projects. These findings provide valuable guidance for non-
explosive expansion and other roof breaking treatment projects.

Keywords: static crushing agent; rock fracturing; drilling arrangement; numerical simulation;
construction process

1. Introduction

To ensure safe and efficient production in coal mines, it is necessary to widen the
existing roadway cross-sections. Currently, there are mainly three methods for roadway
cross-section expansion [1-6]: explosive blasting construction; pneumatic drilling and
pick breaking; and breaking rock equipment construction. Although these technologies
can solve the corresponding engineering problems, some issues still exist, such as high
safety risks, low efficiency, restricted operational environments, and high labor intensity for
workers. Static crushing agent (SCA) has the characteristics of no open flame, no vibration,
stable performance, and easy operation, and it can maintain a large expansion force for a
long time and is suitable for the requirements of the underground coal mine construction
environment. Therefore, investigating a safe and efficient application method for SCA is
significant to improving the efficiency of rock roadway expansion and reducing the labor
intensity of workers.

Static crushing agent (SCA) is a gray-white powder mixture that is mixed with water in
a certain proportion and filled into rock boreholes that need to be fractured. After a certain
period of reaction, the expansion pressure within the hole can achieve the purpose of frac-
turing rock [7]. Scholars have conducted a lot of analyses on the SCA’s properties. Studies
found the mixing water temperature does not affect the reached maximum temperature of
the SCA’s hydration reaction; however, it does affect the reaction rate, and a higher mixing
temperature results in a faster reaction rate of SCA [8-10]. Experiments with different
water—cement ratios under the same mixing temperature and room temperature conditions
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have shown that the water-cement ratio significantly affects the volume expansion rate of
SCA, which decreases at a certain extent as the water—cement ratio increases [9,11]. Tests
have also found that the mixing water temperature has a significant impact on the reaction
rate of the static crushing agent but has a smaller effect on the volume expansion rate of
SCA, while the environmental temperature has a certain effect on the volume expansion
rate of SCA and does not significantly affect the reaction rate [12]. Experiments indicate
the water—cement ratio affects both the expansion pressure and the reaction rate; a higher
water-cement ratio results in a slower reaction rate and produces lower expansion pres-
sure [13]. Research on the composition proportion of SCA has found that the proportion
of CaO, bentonite, and cement affects the expansion pressure of SCA, so different types
and proportions of SCA have different expansion effects [14]. Because the reaction process
of SCA is relatively mild, there exists many advantages for rock fracturing, such as no
open flame, no dust, no explosive shock, no flying stones, and no noise. Currently, SCA
has been widely applied in demolition projects of ground concrete, rock structures, and
buildings [15].

The drilling depth, hole diameter, and hole spacing of SCA application are key
parameters that affect the fracturing effect of the static cracking agent. Xu et al. [16]
have shown that the greater the hole depth, the better the fracturing effect, but the
drilling depth should not be too large, generally controlled between 1.5 and 1.8 m. Nan
and Feng et al. [17,18] found that a larger hole diameter produces greater expansion
stress; however, if the hole diameter is too large, it may lead to blowouts. Due to
varying rock hardness, different required fracturing stresses exist. The selection of
borehole spacing can significantly influence the fracturing effect of the static cracking
agent, smaller spacing yields better fracturing results, while larger spacing yields poorer
results [19-21]. Generally, the application of SCA in coal mines still requires further
research. In rock fracture projects, the use of explosives is restricted, and breaking
hard rocks using machine equipment is also difficult. Therefore, investigating coal-rock
fracture mechanisms and the application technology of SCA is significant to improving
the safety and efficiency of mine production.

In this paper, a static crushing technology is adopted in the roadway expansion of a
mine. To obtain an efficient construction effect of roadway expansion, the static cracking
mechanism of rock roadway expansion is investigated using laboratory tests and numerical
simulations. Firstly, the mechanical parameters of roadway surrounding rock are obtained
by the rock mechanical experiment, then the expansion properties of SCA were tested, and
the cracking process of surrounding rock by SCA was also characterized. Further, a method
of using static crushing agent (SCA) to fracture roadway surrounding rock is conducted
at the engineering site for a roadway expansion project, the charge amount of SCA, the
hole spacing, and the construction process are determined, and the construction effect of
roadway expansion are discussed.

2. Performance Testing of SCA and Rock Material
2.1. Performance Testing of Rock Sample

In the roadway expansion project, the surrounding rock type of the mine roadway
is sandstone, and the standard rock specimens were prepared from on-site samples. To
obtain the properties of roadway surrounding rock, the mechanical parameters of the rock
specimen are tested using an RMT150 rigid pressure-testing machine. The triaxial, uniaxial
compression tests, and Brazilian tensile test are conducted based on the regulation for
testing the physical and mechanical properties of rock [22]. In the experiment, the testing
equipment, rock specimen, and rock failure results are shown in Figure 1.

Based on the experiment test, the mechanical parameters of the roadway surrounding
rock are obtained, as shown in Table 1.
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Figure 1. Mechanics test of rock samples.
Table 1. The obtained rock mechanical parameters are listed in Table 1.
. Compressive Tensile Elastic . , Internal .
Rock Type 3(?;2?; Strength Strength Modulus PoIisast;): S Friction C(()il/[el;c,;;m
(MPa) (MPa) (GPa) Angle (°)
8
Sandstone 2720 67.4 5.82 16.874 0.25 36.2 14.374

2.2. Performance Testing of SCA

The properties of static crushing agent (SCA) are mainly influenced by factors such
as material ratio, mixing water temperature, ambient temperature, and water-cement
ratio. Due to constraints in underground coal mine conditions, field tests often focus
on the water—cement ratio of the ready-made SCA. In this section, to guide the on-site
construction of the roadway expansion project, the expansion characteristics of SCA with
different water—cement ratios were obtained by experiment tests based on the standard of
“Soundless Crushing Agent: JC506-2008" [23]; the test schematic of SCA expansion force is
shown in Figure 2.
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Figure 2. Schematic diagram of the expansion force test equipment.

The expansion stress of SCA is measured by the resistance strain gauge method, and a
constant temperature water bath is used to obtain the expansion stress—time curve at the
underground temperature. The expansion stress is calculated using Equation (1) [23]:

2 €0
P =Es- (K —l)[z_v] 1)
where P represents the expansion stress (MPa); Es is the elastic modulus of Q235 steel pipe,
which is 206 GPa; K is the ratio of the steel pipe’s outer diameter to inner diameter (mm); €y
is the circumferential strain of the steel pipe; and v is the Poisson’s ratio, taken as 0.3.
Based on experiment tests, the time-history curves of expansion stress of SCA with
different water—cement ratios are shown in Figure 3. From Figure 3, the expansion stress
of SCA increases at a faster rate within 0-30 h. After 30 h, the expansion stress continues
to rise with the growth of reaction time, but the rate of increase gradually decreases and
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eventually levels off. Comparing the expansion stresses of SCA with water-cement ratios
of 0.26, 0.3, 0.34, and 0.38, when the water—cement ratio is 0.3, the SCA slurry has the
fastest rate of increase in expansion stress and reaches the highest value (75.9 MPa) after
trending toward stability. This means that SCA at a water—cement ratio of 0.3 has the
highest expansion stress, resulting in a more pronounced fracturing effect.
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Figure 3. Expansion stress-time curve of static cracking agent.

3. Simulation on Rock Fracturing Characteristics

The expansion tests indicate that the static crushing agent (SCA) can maintain a high
expansion stress over a long period. Based on this characteristic, roadway expansion can
be achieved by increasing the SCA borehole number according to the actual underground
drilling time. To achieve the desired effect of roadway expansion, the SCA drilling parame-
ters need to be optimized. For different types of rocks, the required fracturing stress differs,
and different hole spacing greatly affects the fracturing effect of SCA. By using Abaqus
simulation software [24,25], this paper mainly studies the fracturing effect of SCA under
different hole spacings.

3.1. Simulation Verification

In this section, a simulation verification is conducted with the expansion fracturing
experiment. Concrete specimens are made for static fracturing tests, and the Abaqus
software is used to simulate the expansion fracturing process.

The test schematic of static fracturing is shown in Figure 4a, the dimensions of the
specimen are 400 mm length, 300 mm width, and 300 mm thickness. The hole diameter
of the test specimen is 42 mm, and six strain gauges are arranged at 10 mm, 30 mm, and
50 mm from the borehole for strain monitoring. As shown in Figure 4b, concrete specimens
are made for static fracturing tests, specimens are demolded after 24 h, the standard curing
room is maintained for 28 days, and the mixture proportion used for the specimens is listed
in Table 2.

+ 400mm

A4
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-«
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Figure 4. The test schematic of static fracturing of a concrete sample. (a) Schematic diagram of the
test; and (b) physical picture of specimen.
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Table 2. Mix proportions of concrete (kg/m3).

Concrete Grade Cement Fine Agg. Coarse Agg. Water
C40 398 649 1155 199

The numerical model of static fracturing is shown in Figure 5; the cohesion element
is inserted in the numerical model, which is dependent on mesh partitioning. Triangular
meshes are chosen as the basis for cohesion elements, with a mesh size set to 0.005. Consid-
ering the slow expansion and cracking process of the static fracturing agent, this problem
can be simulated as a quasi-static issue. Explicit dynamic analysis is selected for the numer-
ical simulation and a displacement of 0.01 mm is uniformly applied to the cohesion element
nodes around the pre-drilled circular area. In the simulation, the mechanical parameters of
the concrete specimens are shown in Table 3.

(a) (b)

Figure 5. The numerical model of static fracturing of the concrete sample. (a) Numerical model of
static fracturing; and (b) cohesion element distribution of numerical model.

Table 3. Physical and mechanical property parameters of concrete specimen.

. Densit C ive St th  Tensile St th Elastic Modul . P .
Specimen Type (kg/m3)), ompre(slillle)ea) reng en51(§/[Par)e ng as I(CGP:) ulus Poisson’s Ratio
C40 concrete 2400 40.74 2.79 325 0.2

Test and simulation results of expansion fracturing are shown in Figure 6. From
Figure 6a,b, the failure forms of concrete in the laboratory test and numerical simulation are
basically consistent. From Figure 6c, the strain growth in the simulation is relatively smooth.
Due to the presence of microcracks in the concrete specimens during the manufacturing
process and the varying degrees of cementation between the internal aggregates and mortar,
the cracks will rapidly propagate when the expansion pressure increases to a certain value,
causing a sharp increase in the surface strain of the specimen. Additionally, there is pressure
loss during the radial release of the static cracking agent in the experiment, which is not
accounted for in the numerical simulation. Generally, the trends and values of the strain
curves in the test and simulation are also close. This confirms the accuracy and applicability
of the simulation method used in this paper.
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Figure 6. Comparison of expansion fracturing test and simulation results. (a) Test specimens;
(b) numerical model; and (c) monitoring data.
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3.2. Optimization Design of Drilling Parameters

In this section, the fracturing effect of the static crushing agent with different hole
spacings is simulated using Abaqus numerical software. Based on the background of the
expansion project at a mine, the size of the numerical model is set to 2000 mm in height and
length to match the site conditions. The boreholes are arranged with spacings of 300 mm,
400 mm, and 500 mm, totaling 25, 16, and 9 boreholes, respectively. The left boundary of
the model is constrained, the right boundary is a free surface, and the distance from the
right-side boreholes to the free surface is equal to their spacing. The confining pressure of
the top boundary is set to 5 MPa, based on the overlying strata stress of the mining face.
The mechanical parameters of simulation are selected based on the performance testing
results of the rock sample from on-site engineering, as shown in Table 1. To facilitate the
comparison and analysis of the evolution characteristics of the expansion force of the SCA,
the total iteration steps of the expansion simulation under different working conditions are
equivalently replaced by one hour.

The fracturing effects under different hole spacings are shown in Figure 7. From
Figure 7a, for the model with a 300 mm hole spacing, three to four large cracks and
numerous microcracks are produced around the holes, resulting in a higher number of
cracks. From Figure 7b, for the model with a 400 mm hole spacing, two to three large cracks
and fewer microcracks are generated. While for the model with a 500 mm spacing, mostly
two to three large cracks are formed, as shown in Figure 7c. Furtherly, the stress at the
midpoint between two holes closest to the free surface was monitored, and the results are
shown in Figure 7d. The maximum stresses at the midpoint stress monitoring points for the
300 mm, 400 mm, and 500 mm models are 5.12 MPa, 4.22 MPa, and 1.40 MPa, respectively.
The greater the stress at the monitoring point between two expansion holes, the more
significant the influence of the static cracking agent’s expansion stress, indicating a better
fracturing effect.

SCA drillhole 300mm SCA digggple 400mm
i ) K

2 A S o< ot

Monitor point Monitor point

(®)
6
512 = 300mm hole spacing
J y ——— 400mm hole spacin,
SCA drillhole oo . i .
; ——— 500mm hole spacing
. 0 . 4.2
Monitor point il g
£
Monitor point z
. g
111
Py
1.40
0 L
0.0 0.5 1.0
Time/h
© (d

Figure 7. Expansion fracturing results of rock mass. (a) 300 m hole spacing; (b) 400 m hole spacing;
(c) 500 m hole spacing; and (d) middle stress between holes.
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Monitoring the stress around the model middle holes, stress changes at monitor points
I II, IIL, IV, and V are depicted in Figure 8. from analysis of Figure 8a—c, sharp drops in
stress—time curves indicate the formation of cracks. By comparing the fluctuating number
of stress curves, the stresses required for initial fracturing and complete breakage of the
rock mass increase with larger hole spacing. Smaller hole spacing results in more cracks
around the holes, leading to better fracturing effects. Concretely, from statistical analysis of
the stress curves, as indicated in Figure 8d, the initial fracturing stresses of the rock mass
under different hole spacings are 10.93 MPa, 14.52 MPa, and 21.81 MPa, while the complete
breakage stresses of the rock mass are 21.58 MPa, 29.05 MPa, and 46.98 MPa, respectively.
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10

0
04 _. 0.6 0.8 1.0 0.0 0.2 04 0.6
Time/h Time/h
(a) (b)
> 1.96

50 - Initial Crack Stress Average
Penetration Stress Average

16. 98
o

&

29. 05
o

@ e
3

Stress/MPa

Stress/MPa

500

0 . ° L - 300 400
0.0 0.2 04 0.6 0.8 1.0 Hole Spacing/mm
Time/h (d)
(©)

Figure 8. Monitoring results of hole perimeter stress. (a) 300 m hole spacing; (b) 400 m hole spacing;
(c) 500 m hole spacing; and (d) comparison of different hole spacings.

4. Engineering Application of Roadway Expansion Using SCA
4.1. Scheme Design of Roadway Expansion

For this mine, due to the need to add an additional transportation track to the 2#
coal-centralized transportation lane, the current lane width does not meet the requirements
for installation, hence an expansion is needed. The specific design of the lane expansion is
shown in Figure 9. The lane has a rectangular cross-section with a 5.3 m width and 3.3 m
height. The expanded section has a height of 2.3 m, a depth of 1.5 m, and a length of 30 m.

—_
= Roadway
) Original section 5
ae) E g NE’
) «
25
=
T 5.3m l._ 15m _|__
I | 1

Figure 9. Roadway support and expansion details.
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When applying static cracking agents to rock fracturing projects, the hole diameter
should not be less than 20 mm and should not exceed 50 mm, and drilling with diameters
of 35 mm and 42 mm is widely used. Multiple expansion stress tests and field practice
have verified that 42 mm hole diameter drilling is less likely to experience blowouts; when
using static cracking agents to fracture rock, the construction area must have a free face.
Larger hole diameters result in more severe blowout phenomena, using 42 mm diameter
downward drilling can prevent hole flushing and slurry leakage [26]. In this project, the
expansion drilling layout is determined by the on-site rock mechanical properties and
geometric dimensions. A borehole diameter of 42 mm is selected. To provide a free surface
for SCA roadway expansion, a chamber measuring 2300 mm in height, 1500 mm in depth,
and 1000 mm in length needs to be generated at the end of the lane. Subsequently, boreholes
are drilled into the chamber end and charged with SCA. A borehole diameter of 42 mm
and a drilling depth of 1500 mm are selected. To facilitate grouting and prevent leakage,
drilling is conducted at a 10° downward angle. In a workday, a total of 28 boreholes are
constructed. The drilling layout design is shown in Figure 10.

L = O 0 D 1
IR ol NI N L 3 L . thv ea,

..... p > 1 :, P e . e
b ." "-:ln ;7.. -
Poocldisab fubin S S U SR Y2 7 mine o P =]
B o B ot e S pa g g AR SR AL @ (0 7 chamber =4 Y Sied s, g"
: R “hre O N . e .
. e .
: o P YT it =
: g L. 3004 ' S
™
300 1000—

Figure 10. Layout design of SCA drilling.

Based on Section 2, the static cracking agent with 0.3 water—cement ratio is selected.
Considering underground construction conditions, a 300 mm hole spacing is selected
to ensure fracturing effectiveness. The amount of static cracking agent used per hole is
calculated according to Equation (2):

Q=(140)*S*L=xq 2)

where Q is the quantity of static cracking agent per hole (g); o is the loss rate of the static
cracking agent; S is the area of the borehole bottom (cmz) ; L is the depth of the borehole
(cm); and q is the required quantity of cracking agent per unit volume (cm?).

On-site, the drilling depth is 150 cm, and the area of the borehole bottom is approxi-
mately 13.85 cm?. Considering factors such as drilling fluid leakage, the loss coefficient
of static cracking agent is taken as 0.2. Calculating according to Equation (2), the required
amount of static cracking agent for a single borehole is approximately 5 kg.

4.2. Construction Techniques and Effectiveness

The construction process for static cracking agent at the project site is as follows: Re-
move external shotcrete and steel mesh—42 mm borehole drilling. Mix static cracking agent
dry material with water according to the water—cement ratio. Pour static cracking agent
slurry. Wait for the static cracking agent to expand and crack the lane-side rock. Extract
stone blocks along the fissures with pneumatic pick and drill. Support with shotcrete.
Complete expansion. The on-site drilling construction results of the roadway expansion
are shown in Figure 11.
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Figure 11. Construction results of SCA drilling.

After the static cracking agent is injected into the boreholes, the crack propagation
effect of roadway rock mass is as depicted in Figure 12. During roadway expansion, faint
rock fracturing sounds can be heard during the reaction period. After 8 h of grouting, cracks
begin to emerge around the drill hole and progressively extend outward, with through-
cracks forming first around the longitudinal boreholes. As these cracks interconnect, their
width increases over time. Finally, the cracks primarily extend longitudinally across the
face, accompanied by minor transverse cracks. Considering the coal mine’s construction
schedule, the roadway expansion work needs to be carried out immediately 12 h after the
static cracking agent infusion. The pneumatic pick and pneumatic drill are used to dig out
rocks along the cracks, speeding up the roadway expansion process. After the expansion,
observing the rock fracture surface, as shown in Figure 13, the cracks induced by the static
cracking agent develop vertically along the boreholes into larger surfaces, demonstrating a
clear fracturing effect for roadway expansion.

Because explosive use is restricted at the construction site of this mine, and large rock-
breaking equipment could not be used due to space limitations, the use of only pneumatic
drills and pickaxes to break the rock and expand the roadway had a low efficiency, with
a daily progress of only 0.5 m/day. However, after using static cracking agents, the
daily progress increased to at least 1.2 m/day, significantly improving the efficiency of
the roadway expansion, reducing the time required for the expansion, saving labor, and
generating substantial economic benefits.

Figure 12. Roadway crack propagation after SCA charged.
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Borehole profile

Expansion fracture profile
Fracture rock blocks

Figure 13. Roadway expansion effect.

5. Conclusions

In this paper, for a roadway expansion project of the central transportation lane
of the mine, the mechanical parameters of the roadway surrounding rock was tested,
the expansion properties of the static crushing agent (SCA) with different water-cement
ratios were obtained, and then, the cracking process of the surrounding rock by SCA
was also characterized using laboratory tests and numerical simulation. Finally, using
SCA technology to expand the roadway was proposed, and the construction effect on the
roadway expansion project was discussed. The following conclusions can be obtained:

(1) For a roadway expansion project, the mechanical parameters of the surrounding
rock can be obtained by laboratory testing, with a tensile strength reaching 5.82 MPa.
Performance tests of the static cracking agent determined the optimal water—-cement ratio
of SCA and revealed the variation pattern of expansion stress over time, indicating that the
maximum expansion stress of SCA can reach 75.9 MPa. SCA can effectively fracture the
roadway surrounding rock.

(2) For rock mass with 300 mm, 400 mm, and 500 mm hole spacings, the midpoint
stress between drill holes in the rock mass can reach 5.12 MPa, 4.22 MPa, and 1.40 MPa; the
initial fracturing stress around drill holes in the rock mass are 10.93 MPa, 14.52 MPa, and
21.81 MPa; and the complete breakage stresses of the rock mass are 21.58 MPa, 29.05 MPa,
and 46.98 MPa, respectively. Generally, smaller hole spacing results in more cracks around
the holes, leading to better fracturing effects.

(3) For the engineering requirement of a 2.3 m high and 1.5 m deep roadway expansion,
the technology parameters using SCA were obtained, as follows. Because a smaller hole
spacing can lead to a better fracturing effect on the rock mass, a hole spacing of 300 mm is
selected. Additionally, a 42 mm borehole diameter and a drilling depth of 1500 mm were
determined based on the on-site construction conditions. Industrial test results showed
that this static cracking technology can effectively fracture the roadway surrounding rock,
facilitating the engineering construction of the roadway expansion.
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