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Floor grouting reinforcement and aquifer reform can effectively improve the water barrier performance of fractured rock mass,
which is widely used to prevent water inrush from a confined aquifer in theClean Utilization and SDUST Research Fund floor.
In order to reveal the mechanical and strain energy characteristics of fractured rock mass after grouting with different grouting
parameters, the discrete element numerical simulation software PFC is used to study the mechanical and strain energy
characteristics of limestone after filling the fractures with cement stones with different parameters. The numerical test results
show that the displacement of the limestone grouting stone bodies with a longer prefabricated crack length decreases more
obviously after grouting, and the strain energy, dissipation energy, and total input energy increase when the strengthened
limestone sample is destroyed. The greater the stiffness of the cement stone, the easier the limestone grouting stone bodies will
be destroyed from the position of the prefabricated crack. The internal friction angle of cement stones has little effect on the
strength, deformation, and energy characteristics of limestone. Under the same cohesion, the number and the distribution
range of secondary cracks of limestone grouting stone bodies with smaller prefabricated crack length are larger. However, with
the increase of the tensile strength of the cement stones, the number, distribution range, and strength of the secondary
fractures of the limestone grouting stone bodies are increasing. The longer the prefabricated crack is, the greater the influence
of grouting parameters on the rock. The study provides a reference for the selection of reinforcement material parameters
during grouting reinforcement.

1. Introduction icance for the design and maintenance of rock mass projects

such as mines and tunnels [1-3]. Grouting reinforcement

Rock grouting reinforcement is an important means to pre-
vent water inrush, collapse, and other accidents in mines.
The research on the mechanical properties of the rock mass
after grouting reinforcement has important scientific signif-

can not only change the stress structure of rock engineering
from the macroperspective but also improve the cracks and
holes from the microperspective. In this way, the strength
of the rock mass and the stability of the project can be
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improved. However, it is necessary to study the failure
mechanism of the rock mass after grouting reinforcement
[4-6]. This is of great significance to the stability of grouting
rock engineering.

In order to reveal the influence of grouting on the
mechanical characteristics of fractured rock, domestic and
foreign scholars have conducted a lot of research on it
through indoor tests and numerical simulation [7, 8] and
further studied the mechanism of grouting reinforcement
on this basis [9-13]. Yang [14] studied the structure of ran-
domly fractured rock mass, the law of grouting permeability,
the characteristics of randomness and anisotropy, and the
stability of grouting reinforcement. An analysis model of
grouting seepage and stability of roadway surrounding rock
after reinforcement was established. Liu et al. [15] compared
the closure strength and shear strength of the crack surface
of the rock mass before and after grouting reinforcement
and obtained the change rule of the mechanical properties
of the rock mass crack before and after grouting. Wang
et al. [16, 17] analyzed the influence of grouting strength
and bonding force on the grouting reinforcement effect
through static and dynamic mechanical tests of rock mass
after grouting reinforcement. It reveals the nonlinear change
mechanism of the energy carried by the rock and its life. The
double logarithm fatigue life equation of the fractured rock
after grouting reinforcement is established. Wang et al.
[16] analyzed the influence of the number and position of
cracks on the strength of grouting stone bodies through
the independently designed sample preparation method of
crack samples. Wang et al. [17] analyzed the stress-strain
relationship and mechanical characteristics of diabase fissure
grouting under different fracture geometries by conducting
uniaxial and conventional triaxial compression tests on dia-
base original rock and its fissure grouting stone bodies.
Wang et al. [18-20] established a variety of defective coal
rock samples by using PFC2D software considering the dif-
ferent dip angles of fractures and positions of cavities. The
stress-strain characteristics, crack evolution, and acoustic
emission (AE) characteristics of coal with different cracks
and holes are discussed. Based on the AE characteristics,
the damage evolution law of rock materials with defects is
studied [20-25]. From the above research, it can be found
that the research on the mechanical properties of the rock
mass after grouting reinforcement mainly focuses on the
types of grouting materials and the strength after grouting.
At present, the research on the influence of grouting param-
eters on the mechanical properties and energy characteristics
of rock after grouting reinforcement has not been systemati-
cally published. The failure mechanism after grouting rein-
forcement has not formed a perfect explanation. In-depth
understanding of the mechanical characteristics of the rock
after grouting reinforcement with different grouting param-
eters can not only have an important impact on the selection
of grouting materials but also have an impact on the overall
safety of the rock project after reinforcement.

On the basis of the above research, this paper establishes
limestone grouting stone body samples with different angles
of fractures and uses the fish program to program the
fractures for grouting reinforcement. Through the uniaxial
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compression test, the effects of the crack angle and micro-
parameters of grouting reinforcement material (stiffness,
internal friction angle, cohesion, and tensile strength, respec-
tively, represent the rigidity, internal friction angle, contact
cohesion, and tensile strength of particles) on limestone
mechanics and strain energy characteristics are studied.
The paper reveals the failure mechanism of limestone rein-
forcement, which provides a reference for the selection of
grouting reinforcement material parameters.

2. Numerical Model and Test Scheme

2.1. Raw Data Acquisition. Electron microscope scanning,
uniaxial compression, and Brazilian splitting tests were car-
ried out. On the one hand, the basic physical and mechanical
parameters of limestone porosity and elastic modulus can be
obtained; on the other hand, it can be used to compare the
follow-up test data of fractured limestone and grouted lime-
stone. The test results are shown in Table 1. The study of the
grouting and reinforcement characteristics of fractured lime-
stone is more systematic (all sample standards and test spec-
ifications are carried out in strict accordance with the Rock
Test Regulations for Water Conservancy and Hydropower
Engineering (SL/T 264-2020) [26]).

2.2. Parameter Calibration and Test Scheme. When using
particle flow simulation software to carry out research, it is
necessary to substitute the microscopic physical and
mechanical parameters and bond properties of particles into
the model. However, these parameters are not simply
substituted into the model with the physical and mechanical
parameters of limestone obtained above [27, 28]. Therefore,
before carrying out the numerical simulation test, the model
needs to be calibrated. The general process is as follows: (1)
A 1:1 numerical model is established according to the
laboratory test state. (2) Based on the macro-meso-
transformation method, the physical and mechanical
parameters of limestone obtained in laboratory tests were
substituted into the mesomechanical parameters used in
the model. (3) Calculate and solve. The calculation and cal-
ibration principle of the parallel bond model of the PFC
model (version 5.0) is shown in Figures 1 and 2.

2.3. Test Calibration and Parameter Checking of Limestone.
Based on the laboratory experiments to obtain mechanical
parameters of limestone, literature [29] outlines the steps
of the mesoscopic mechanics parameter calibration method
of limestone, mesoscopic parameter calibration, and granu-
lar flow test, to obtain the required mesoscopic mechanics
parameters, as follows.

(1) A numerical model with a height of 100mm and a
diameter of 50 mm was established according to the
size of the uniaxial test model

(2) Literature [29] shows that if the ratio between the
shortest edge of the model and the average particle
radius is greater than 40, and the number of particles
on the shortest edge of the model is greater than 30,
the calculation efficiency can be improved as far as



Geofluids

860°0 = UoIssardurod pue UoIsud} Jo oner JeIAY
edIN £T'6 = [3Suo1ls o[Isua) oe1oAy

edD) 9¢’6 = SNNPOW JISE[d 9FeIOAY
BJIN ZS'¥6 = YaSuans aarssardwoo [erxerun a3e1oay

amjonas pedwo)

yo3ays opdures afewre(y

sa— ¢d—— I-d

o3oys oﬁnﬁamw OMNEND QAIND UTeI}S-SSIII§

syusuodwod [erourwr pue samjeaj [es1dojoydIowroIdTy

5159} Sumupds uerpzeig

359} uorssardwoo [erxerun)

1593 sis[eue NS

ejep 1897,

JUaluO0d 3189,

SOUIBU JS3,

's359) uwonIsmboe 1ojowrered suojsowrT T AIAV],



) @

1
1 5P {c.p} 9s [J\/\’_’i
nl k. '%F P #
i LR ! Bond i - _‘

break
ball, ball,

FIGURE 1: Linear parallel bond mode.
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FIGURE 2: Linear parallel bond contact of ball-ball.

possible on the premise of ensuring the calculation
accuracy of the model. Based on the results of this
study, the particle size distribution can be determined

(3) Based on the indoor test of the limestone for Pois-
son's ratio, elastic modulus, uniaxial compressive
strength and uniaxial tensile strength, porosity, den-
sity, cohesion, and internal friction angle, the trans-
formation for mesoscopic parameters stiffness ratio,
stiffness, cohesion, tensile strength, porosity, density,
cohesion, and internal friction angle, after the trans-
formation parameters, are shown in Table 2

(4) The uniaxial compression and Brazil splitting simula-
tion tests were carried out to verify the data accuracy

Figure 3 shows the o1 — ¢l curve of the laboratory test,
which is theo, — ¢ curve of the simulation test and failure
pattern of uniaxial compression. As can be seen from
Figure 3, the numerical simulation o, — & curve is in good
agreement with the laboratory test results. The average com-
pressive strength was 94.52 MPa, the average elastic modulus
was 9.36 GPa, and the average peak strain was 1.18. The
corresponding numerical simulated compressive strength is
98.15MPa (error value is 3.84%), elastic modulus is
9.64 GPa (error value is 2.99%), and the peak strain is 1.06
(error value is 10.17%). It can be found that the elastic mod-
ulus and compressive strength are very close except for the
large strain difference. Because of the defects of the simula-
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tion software itself, it cannot completely simulate all the
deformation stages of the rock. The indoor test results show
obvious stages of pore and fissure compaction, and the soft-
ware modeling needs to go through three stages: particle
generation, particle balance, and cementation. In the particle
balance stage, the particle distribution has been densified to
the greatest extent, so it is difficult to simulate the pore and
fissure compaction stage of the rock; thus, the simulated
strain will be smaller than the indoor test to a certain extent.

Figure 4 shows the o1 — €l curve of the Brazilian splitting
numerical simulation laboratory test, which is theo1 — elcurve
of the simulation test and the failure pattern. As can be seen
from the figure, the numerical simulation o1 — €l curve is in
good agreement with the laboratory test results. The average
tensile strength obtained from the laboratory test is
9.27 MPa, and the corresponding numerical simulated com-
pressive strength is 9.51 MPa (error value is 2.59%). It can be
found that the tensile strength is also very close, but due to
the defects of the simulation software itself, it cannot
completely simulate all deformation stages of the rock. Both
indoor experiment results show the apparent ore fissure com-
paction stage, and the software modeling needs to reflect the
three stages of particle generation, particle balance, and
cementation; the particle balance stage has a maximum parti-
cle distribution density, so it is difficult to simulate the rock
pore fissure compaction stage, and the strain of the simulation
test is less than that of the indoor test to some extent. At the
same time, the intensity will be higher than the laboratory test
to some extent. The failure mode of the numerical simulation
limestone model is basically consistent with that of the labora-
tory experiment in Brazil.

The reliability of the parameters is verified via uniaxial
compression and the Brazil splitting test, which proves that
it is feasible to use the parameters to study the grouting mech-
anism of floor limestone in the Yellow River north coal mine.

2.4. Numerical Simulation Schemes. On the basis of the lime-
stone mechanical parameters above the parameter calibra-
tion of the experiment and simulation, the limestone
aquifer parameters obtained with the Yellow River north
coalfield floor numerical calculation model are basically
identical; on the basis of this model, with limestone precast
with 10, 30, and 50 mm cracks, the effects of the changes
of cement stones’ stiffness, internal friction angle, cohesion,
and tensile strength on the strength, deformation character-
istics, and crack evolution of limestone grouting stone bodies
when 10, 30, and 50 mm cracks are prefabricated in lime-
stone are studied:

(1) The internal friction angle, cohesion, and tensile
strength of stone bodies were unchanged, and the
stiffness changes were 0.1, 0.5, 1.0, 1.5, 2.0, 2.5, and
3.0GPa

(2) The stiffness, cohesion, and tensile strength of stone
bodies remained unchanged, and the internal fric-
tion angle changed to 10, 15, 30, 45, 60, 75, and 89°

(3) The stiffness, internal friction angle, and bonding
tensile strength of stone bodies remained unchanged,
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TABLE 2: Mesoparameters of limestone.
k-ratio Emod (GPa) Pb_k-ratio Pb_emod (GPa) Pb_ten (MPa) Pb_coh (MPa) Porosity  Density (kg/m3) Pb_fa (°)
5.72 524 5.72 524 72.56 10.24 2.23 2.66 53
120 3. Results and Discussion
100 -~ o SRR S T Y 3.1. Failure Law of Limestone and Grouting Reinforcement
Bodies. When there are 10 mm, 30 mm, and 50 mm cracks
80 preformed, the variation law of limestone internal displace-
5 ment is shown in Figure 5 (in the crack model, the front pic-
S 60 ture is the model without grouting and the rear picture is the
5 model after grouting; the same below). From left to right,
40 they are limestone, limestone preformed fractured lime-
stone, and limestone grouting stone bodies. In order to elim-
20 inate the differences between the tests as far as possible, on
ical the premise of ensuring the same calculation step length,
0 ‘ , the displacement distribution maps were all limestone calcu-
0 2 4 6 8 10 12 14

—— Indoor tests

—— Numerical simulation tests

FIGURE 3: Curve of o, —¢; laboratory test, curve of o, —¢;
simulation test and failure mode (uniaxial compression).

10

o, (MPa)

. simulation test
0 2 4 6 8 10 12

g, (107)

—— Indoor test

—— Numerical simulation test

FiGure 4: Curve of o, —¢, laboratory test, curve of o, —¢
simulation test and failure mode (Brazil splitting).

while the cohesion of stone bodies changed to 1.0,
5.0, 1.0, 1.5, 2.0, 2.5, and 3.0 MPa

(4) The stiffness, internal friction angle, and bond cohe-
sion of stone bodies remained unchanged, while the
bond tensile strength changed to 1.0, 5.0, 1.0, 1.5,
20, 2.5, and 3.0 MPa

lated for 10,000 steps and then intercepted. As can be seen
from Figure 5, the limestone without cracks has a uniform
distribution of displacement, with large displacement up
and down and small displacement in the middle of the lime-
stone. However, in the precast fissure limestone, the displace-
ment has a great difference around the fissure. The maximum
displacements around the prefabricated 10, 30, and 50 mm
cracks were 2.0 x 107>, 3.5x 107>, and 5x 107> m, respec-
tively, and the minimum values were 1.62x 1076, 1x 107,
and 1.5x107° m, respectively. The difference values are
50%x10°m, 2.5x10°m, and 3.5x 107> m, respectively.
That is, with the increase of the prefabricated fracture length,
the concentration degree of displacement around the fracture
increases, and the difference of displacement becomes larger
and larger. After grouting reinforcement, the difference of dis-
placement distribution around the limestone fissure is reduced.
The maximum displacement around the grouting stone body
fissure with 10, 30, and 50 mm fissures is 5.0 x 107°, 1.5 x
107°, and 2.5% 107> m, respectively. The minimum values
were 1.62 x 1070, 1.62 x 107, and 1.62 x 107® m, and the dif-
ferences were 3.38 x107%, 1.34x 107, and 2.34 x 10> m,
respectively. After grouting reinforcement, the maximum dis-
placement around the prefabricated 10, 30, and 50 mm cracks
of grouting stone body limestone decreases by 1.5 x 107> m,
2% 107> m, and 2.5 x 107> m, respectively. It can be concluded
that, after the grouting reinforcement of the fractured rock
mass, the concentration degree of limestone displacement
around the fracture decreases, which shows that the maximum
displacement around the fracture decreases, and the difference
value of displacement decreases. And with the increase of the
length of the fracture, the maximum displacement around
the limestone fracture decreases, and the difference value of
displacement decreases.

When there are prefabricated cracks of 10 mm, 30 mm,
and 50 mm, the distribution law of cracks in limestone fail-
ure is shown in Figure 6. From left to right, they are lime-
stone, prefabricated cracked limestone, and limestone
grouting stone bodies. The energy index values of each
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FiGURrk 5: Displacement change in limestones with different prefabricated crack lengths.

(a) Protolith (

(c) Fracture length 30 mm

b) Fracture length 10 mm

(d) Fracture length 50 mm

FIGURE 6: Crack distribution in the limestones with different prefabricated crack lengths.

specimen in simulation tests derived from Equations (1) and
((2)) [30] are shown in Table 3. The existence of prefabri-
cated fractures leads to the inconsistency of limestone frac-
ture evolution; that is, the cracks generated by loading start
from the end of the prefabricated fractures and develop until
they reach the boundary of the limestone model, where mac-
roscopic fracture surfaces appear and the limestone is
destroyed. With the increase of fracture length, the distribu-
tion of fractures is significantly more concentrated and the
number of fractures is less. According to the calculation of
Equations (1) and ((2)) [30], the rock absorbs less energy
and will be damaged. Therefore, it can be concluded that
the shorter the length of prefabricated fractures is, the more
fractures will be produced when limestone is destroyed. The
shorter the prefabricated fractures are, the more energy will
be absorbed to cause limestone to fail, and the strength of
limestone is higher. The longer the length of prefabricated
fracture is, the fewer the number of fractures will be gener-
ated when limestone is destroyed, and the longer the prefab-
ricated fracture needs to absorb less energy to cause
limestone to fail and the strength of limestone is low. After

grouting reinforcement, the number of cracks in limestone is
obviously higher than that before grouting reinforcement,
and the total absorbed energy density, elastic energy density,
and dissipated energy density all increase to a certain extent.
With the increase of the length of the prefabricated fracture,
the increase of the total energy density, elastic energy density,
and dissipated energy density of limestone before grouting
also increases; it shows that limestone with long prefabricated
cracks is more significantly affected by grouting.

UO = Ul + U37 (1)
2
o

U, =L, (2)
1" 2F

where U, is the total energy density absorbed by the rock,
kJ/m?, which is obtained by integrating the stress-strain curve;
U, is the elastic energy density, kJ/m?; and U is the dissipated
energy density, kJ/m”.
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TaBLE 3: Energy index value of each specimen in simulation tests.

Postpeak intensity 70% points

Specimen type Craal;ﬁr)lgth s t?:ringgfe(sl\s/}\{;) Energy density of Elastic energy density Dissipated energy
absorption (KJ/m?) (KJ/m?) density (KJ/m?)
Protolith 98.15 633.94 198.21 435.73
10 69.14 343.43 158.02 185.41
Prefabricated crack 30 43.37 225.94 91.50 134.44
50 23.86 108.25 33.49 74.76
) 10 91.50 597.36 190.17 407.19
Grouting : 30 65.86 290.87 91.74 199.13
reinforcement bodies
50 37.46 253.15 80.94 172.21
Fracture Stiffness of grouting materials/GPa
length/mm

0.1 0.5 1.0 1.5 2.0 2.5 3.0

30

Ficurg 7: Crack distribution of limestone grouting reinforcement bodies under different crack lengths and different stiffness values of

grouting stone bodies.

3.2. Influence Law of Stiffness. It can be seen from Figure 7
(the same length of crack corresponds to 7 different stiffness
values, which are 0.1, 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 GPa in
order) that, with the increase of limestone grouting concre-
tion body stiffness, the distribution of the secondary fracture
is gradually concentrated; with regard to the stiffness value,
the smaller the scattered secondary fracture distribution,
the bigger the stiffness value; the secondary cracks are grad-
ually shown to start development at the prefabricated crack
tip until the limestone model boundaries, where the law of
the limestone damage appears to stop, when the crack length
is larger. The rule is even more pronounced. Therefore, it
can be concluded that the stiffness change of limestone stone
bodies will affect the generation and expansion of limestone
secondary cracks. The greater the stiffness of the limestone
grouting rock mass, the more concentrated the distribution
of cracks in the limestone grouting bodies, and it is easier
to result in damage around the prefabricated cracks in the
limestone grouting bodies.

As can be seen form Figure 8, the grouting stone bodies’
uniaxial compressive strength of limestone prefabricated
with 10, 30, and 50 mm cracks decreases with the increase
of cement stones stiffness. When the stiffness of the cement
stones increased from 0.1 GPa to 3.0 GPa, the uniaxial com-
pressive strength of limestone grouting stone bodies with
10mm cracks decreased from 93.71 MPa to 92.30 MPa.
The uniaxial compressive strength of limestone grouting
bodies with 30mm crack decreased from 93.28 MPa to
70.01 MPa, and the uniaxial compressive strength of lime-
stone grouting bodies with 50 mm crack decreased from
82.48 MPa to 51.15 MPa.

As can be seen in Figure 9, the peak strain variables of
limestone grouting stone bodies preformed with 10, 30,
and 50 mm cracks all decreased with the increase of stone
body stiffness. When the stiffness of the cement stones
increases from 0.1 GPa to 3.0 GPa, the peak strain of the
limestone grouting stone bodies with 10mm cracks
decreases from 12.56 x 107> to 12.35 x 107>, The peak strain
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FIGURE 9: Peak strain of limestone grouting reinforcement bodies
under different crack lengths and different stiffness values of
grouting stone bodies.

of limestone grouting with 30mm crack decreased from
11.88x107° to 10.68x 1073, and the peak strain of
limestone grouting with 50mm crack decreased from
11.28 %107 to 7.10x 107°.

To sum up, the rigidity of cement stone in limestone
grouting increases, which will weaken the grouting rein-
forcement effect; longer crack length of limestone grouting
stone bodies is affected by the larger stiffness of the cement
stones; use of the slurry grouting that can form cement
stones with large stiffness not only reduces the strength but
also reduces the deformation resistance compared with
the slurry grouting that can form cement stones with
small stiffness.
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3.3. Influence Law of Internal Friction Angle. Other parame-
ters such as stiffness, cohesion, and tensile strength were not
changed, and the internal friction angle values of the cement
stones were changed to 1, 15, 30, 45, 60, 75, and 89°. The
mechanical properties, crack expansion process, and fracture
characteristics of limestone grouting stone bodies were
observed. Through the test, it is found that the change of
internal friction angle of the cement stones has no effect
on the limestone grouting stone bodies with 10, 30, and
50 mm cracks.

3.4. Influence Law of Bonding Cohesion. It can be seen from
Figure 10 (cracks with the same length correspond to 7 dif-
ferent cohesive values, which are 0.1, 0.5, 1.0, 1.5, 2.0, 2.5,
and 3.0 MPa in order) that the change of cohesion of cement
stones has little effect on the evolution and distribution of
the main limestone cracks. Comparing the grouting stone
bodies of limestone with different preformed crack lengths
under the same cohesion, the number of secondary cracks
is larger and the distribution range is larger when the pre-
formed crack length is smaller. When the preformed crack
length is larger, the distribution of secondary cracks is more
concentrated and the number of cracks is less.

It can be seen from Figure 11 that when the preformed
crack length is small (=10 mm), the uniaxial compressive
strength of limestone grouting stone bodies decreases with
the increase of the cohesion of cement stones, but the overall
change range is small (92.94-91.87 MPa). The uniaxial
compressive strength of limestone grouting stone bodies
increases with the increase of cohesion of cement stones
when the preformed crack length is larger (>10 mm). The
cohesion of grouting cement stones increased from
0.1 MPa to 3.0 MPa, and the uniaxial compressive strength
of the limestone grouting stone bodies with 30 mm pre-
formed cracks increased from 59.55 MPa to 85.54 MPa, with
an increase of 25.99 MPa. The uniaxial compressive strength
of limestone grouting stone bodies with 50 mm preformed
cracks increased from 30.32 MPa to 59.10 MPa, an increase
of 28.78 MPa.

As can be seen from Figure 12, the prefabricated crack
length is small (=10mm). The peak strain of limestone
grouting rock mass decreases with the increase of the
cohesion of cement stones, but the overall reduction is
smaller (12.44 x 1073 ~ 12.60 x 10~2). The uniaxial compres-
sive strength of limestone grouting stone bodies increases
with the increase of cohesion of cement stones when the pre-
formed crack length is larger (>10 mm). When the cohesion
of cement stones increased from 0.1 MPa to 3.0 MPa, the
peak strain of limestone grouting stone bodies with 30 mm
cracks increased from 5.94x 1073 to 7.97 x 1073, with an
increase of 2.03 x 107>, The peak strain of limestone grouting
stone bodies with 50 mm cracks increased from 3.30 x 10~ to
5.52 x 1072, with an increase of 2.22 x 1073,

In conclusion, with the increase of cohesion of cement
stones, the strength and deformation of limestone grouting
stone bodies with small preformed cracks (=10) are almost
not affected. After grouting, the strength and deformation
of limestone grouting stone bodies with large prefabricated
cracks (>10) change more. The longer the precast crack is,
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FiGurg 10: Crack distribution of limestone grouting reinforcement bodies under different crack lengths and different bonding cohesion
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FIGure 11: Uniaxial compressive strength of limestone grouting
reinforcement bodies under different crack lengths and different
bonding cohesion values of grouting stone bodies.

the greater the influence of cement stones’ cohesion on the
strength and deformation of limestone grouting rock mass.

3.5. Influence Law of Bonding Tensile Strength. It can be seen
from Figure 13 (cracks with the same length correspond to 7
different tensile strength values, which are 0.1, 0.5, 1.0, 1.5,
2.0, 2.5, and 3.0 MPa in order) that when the tensile strength
of cement stones is small, the distribution of secondary
cracks mostly starts from the preformed cracks and ends at
the limestone grouting stone bodies’ boundary. With the
increase of tensile strength of bonding, the distribution
range of secondary cracks expands. Compared with lime-
stone grouting stone bodies with different prefabricated
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FIGURE 12: Peak strain of limestone grouting reinforcement bodies
under different crack lengths and different bonding cohesion values
of grouting stone bodies.

crack lengths under the same cement stones’ tensile strength,
when the prefabricated crack length is small, the number of
secondary cracks is small and the distribution range is con-
centrated, which starts from the prefabricated crack tip and
ends at the grouting stone bodies’ boundary. When the pre-
formed crack length is large, the distribution of secondary
cracks is more scattered and the number of cracks is more.

It can be seen from Figure 14 that when the length of
prefabricated crack is small (=10 mm), the uniaxial compres-
sive strength of limestone grouting stone bodies fluctuates
with the change of tensile strength of cement stones but gen-
erally fluctuates in the range of 88.49~92.25MPa, with a
small fluctuation range. The uniaxial compressive strength
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Fiurg 13: Crack distribution of limestone grouting reinforcement bodies under different crack lengths and different bonding tensile

strength values of grouting stone bodies.

o, (MPa)

71 ] R L R R
oL . . . . .
0.1 0.5 1.0 1.5 2.0 2.5 3.0
Tensile strength (MPa)
—— 10 mm
—— 30 mm
—— 50 mm

FIGURE 14: Uniaxial compressive strength of limestone grouting
reinforcement bodies under different crack lengths and different
bonding tensile strength values of grouting stone bodies.

of limestone grouting stone bodies increases with the
increase of tensile strength of cement stones when the pre-
formed crack length is larger (>10 mm). The tensile strength
of cement stones increased from 0.1 MPa to 3.0 MPa, and the
uniaxial compressive strength of limestone grouting stone
bodies with 30mm preformed cracks increased from
59.57 MPa to 73.67 MPa, with an increase of 14.10 MPa;
the peak strain of limestone with 50 mm preformed cracks
increased from 30.59 MPa to 41.00 MPa, an increase of
10.41 MPa.

It can be seen from Figure 15 that when the length of
prefabricated crack is small (=10 mm), the peak strain of
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FIGURE 15: Peak strain of limestone grouting reinforcement bodies
under different crack lengths and different bonding tensile strength
values of grouting stone bodies.

limestone grouting stone bodies fluctuates with the change
of tensile strength of cement stones but generally fluctuates
in the range of 12.45x 107 to 12.92x 107%, with a small
fluctuation range. When the preformed crack length is larger
(>10mm), the peak strain of limestone grouting stone bod-
ies increases with the increase of tensile strength of cement
stones. When the tensile strength of cement stones increased
from 0.1 MPa to 3.0 MPa, the peak strain of limestone grout-
ing stone bodies with 30 mm cracks increased from 7.53 x
107 to 9.65x 107%, with an increase of 2.12x107°. The
peak strain of limestone with 50 mm cracks increased from
3.95x 107 to 6.25x 107° and increased by 2.30 x 107°.
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In conclusion, with the increase of tensile strength of
cement stones, the strength and deformation of grouting
stone bodies of limestone with small preformed cracks
(=10) are almost not affected. The strength and deformation
of limestone grouting stone bodies with larger prefabricated
crack (>10) are greatly affected, and the strength and defor-
mation of limestone grouting stone bodies are more affected
by the tensile strength of grouting stone bodies bonding with
longer prefabricated crack lengths. With the increase of the
tensile strength of cement stones, the number and distribu-
tion range of secondary cracks of limestone grouting stone
bodies increased. The strength and deformation of limestone
grouting stone bodies with small preformed cracks (=10) are
almost unaffected, while the strength of limestone grouting
stone bodies with large preformed cracks (>10) is increased,
indicating that grouting reinforcement can increase the
integrity of limestone and weaken the concentration of stress
and displacement around the cracks of the model.

4. Conclusions

(1) After grouting the fractured limestone, the displace-
ment concentration around the fracture decreases.
Moreover, the longer the prefabricated crack length
is, the more obvious the displacement concentration
degree decreases after grouting. That is, the longer
the prefabricated crack is, the better the grouting
reinforcement effect is. The total input energy, elastic
energy, and dissipative energy absorbed during the
failure of limestone reinforced by grouting increased
to some extent

(2) The greater the stiffness of the cement stones, the
more concentrated the distribution of fractures in
grouting stone bodies, and the more likely it is to be
destroyed from the position of limestone grouting
stone bodies” precast cracks. The greater the stiffness
of the cement stones, the smaller the overall strength
of the limestone with prefabricated cracks. Limestone
grouting stone bodies with a longer crack length are
more affected by the stiffness of cement stones

(3) The change of cement stone internal friction angle
has little effect on the failure of limestone grouting
stone bodies” rock mass. Under the same cohesion
of cement stones, when the length of prefabricated
cracks is small, the number of secondary cracks is
large and the distribution range is large. The strength
and deformation of limestone with large prefabri-
cated cracks are greatly affected by cement stones’
cohesion. And the longer the prefabricated crack
length, the greater the influence of the cohesion of
the cement stones on the strength and deformation
of the limestone grouting stone bodies

(4) With the increase of the tensile strength of the
cement stones, the strength and deformation of the
limestone grouting stone bodies with small prefabri-
cated cracks are hardly affected. The strength and
deformation of limestone grouting stone bodies with

11

large cracks are greatly affected, and the longer the
prefabricated crack is, the greater the influence of the
tangential strength of the cement stones on the
strength and deformation of limestone grouting stone
bodies. With the increase of the tensile strength of
cement stones, the number and distribution range of
secondary fractures of limestone grouting stone bodies
with different lengths of prefabricated fractures
increase. The strength and deformation of limestone
with small prefabricated cracks are hardly affected by
cement stones’ tensile strength
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