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Abstract: Crack propagation leads to rock instability and failure, which seriously influence the safe
and efficient operation of coal mines. According to the characteristics of fracture development and
expansion, this paper takes a fractured rock with different crack numbers as the research background
and studies the effects of the grouted arrest measure, anchored crack arrest measure, and grouted
anchored arrest measure on the mechanical properties, energy evolution, crack expansion, and
progressive instability of the fractured rock. The sensitivity of different crack arrest measures to the
peak strength, elastic modulus, total crack number, and impact tendency of the fractured rock are
analyzed based on the sensitive percentage. The experimental results show that the more cracks in
the rock, the greater the increase of peak stress of grouted rock and grouted anchored rock, and the
smaller the increase of peak stress of anchored fractured rock. With the increase of the crack number,
the total crack number in anchored fractured rock specimens gradually decrease, the total crack
number in grouted rocks, and grouted anchored rock specimens gradually increase. The anchored
fractured rock with more cracks produces a lower total crack number when it is destroyed. The
grouted rock and grouted anchored rock with more cracks produce a higher total crack number when
it is destroyed. The pre-peak energy of anchored single-fractured rock is larger, the pre-peak energy
of grouting multi-fractured rock is larger, and the grouted rock has a strong impact tendency. The
grouted arrest measure is an important sensitive parameter to the impact energy index; the anchored
crack arrest measure is the primary sensitive parameter to the peak stress, elastic modulus, and total
crack number; and the grouted anchored arrest measure is an important sensitive parameter to the
elastic modulus. The research results of this paper provide some guidance on the selection of crack
arrest parameters and scheme design in practical rock engineering.

Keywords: fractured rock; crack propagation; crack arrest; impact tendency; sensitivity analysis

1. Introduction

The holes and cracks in a rock seriously affect the mechanical properties of the
rock [1-4]. The expansion of cracks leads to rock instability and damage, which ultimately
affects the safe and efficient operation of coal mines [5-9]. Many scholars have done a lot of
research on the crack arrest measures of fractured rock [10-13]. The main application of
crack arrest measures for fractured rock are grouted arrest measures, anchored crack arrest
measures, and grouted anchored arrest measures [14-18]. Grouted arrest measures can
close the cracks in surrounding rock, improve the structure of rock mass, and increase the
cohesion and internal friction angle of rock mass [19-22]. The anchored crack arrest measure
uses an anchored bolt for reinforcement. The bolt, as a kind of reinforcement component,
is buried in the middle of the rock. The bolt can improve the strength and self-stability of
the fractured rock by transferring tension and shear force, delaying and controlling the
development of the joint and crack in the rock mass, restricting the deformation of the
fractured rock in the direction of the bolt, and improving the integrity of the rock mass [23].
Grouted anchored arrest measures integrate the advantages of grouting measures and
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anchoring measures. This crack arrest measure combines the characteristics of grouting
to strengthen rock fissures and bolts to restrain the deformation of surrounding rock and
achieves an effect that cannot be achieved by simple bolts or grouting reinforcement.

Brown and Warner [24] proposed that the grout produces a compaction effect on
the surrounding soil in the process of grouting. Kelesh et al. [25] and Mostafa simulated
the contact between grouting material and soil based on the theory of circular hole ex-
pansion. Graf [26] put forward the shear failure theory of soil cone above grouting body,
which reflects the mechanism of compaction grouting. Stille et al. [27] and Indraratna
and Kaiser [28] regard anchoring structure as a part of rock mass and put forward a type
of characteristic curve that directly considers the influence of anchoring. Li et al. [29]
established the grouting conceptual model and deduced the grouting diffusion control
equation. Li [30] established an analytical model of bolt force acting on a single crack
specimen. Grasselli [31] proved that shear displacement is positively related to the bolt.
Chen et al. [32] conducted an experimental study on the mechanical properties and failure
characteristics of anchored fractured rock. Li et al. [33] explored the influence of bolt mate-
rial on the mechanical properties of the anchored fractured rock mass. Wu et al. [34] studied
the deformation and failure characteristics of fractured rock mass using bolt reinforcement
tests. Spang and Egger [35] carried out experiments on concrete specimens strengthened
by bolts to obtain the optimal anchoring angle between 30° and 60°.

The above-mentioned studies on the effect of crack arrest and reinforcement of fractured
rocks are all based on a single crack arrest measure, and there is no comparative analysis
of different crack arrest measures for fractured rocks with different crack numbers. It is
important to master the effect of the different crack arrest measures on the total crack number,
the sensitivity of impact risk, and crack expansion characteristic to prevent the progressive
instability failure of surrounding rock of roadway and the occurrence of rock burst.

Therefore, the research objective of this paper is to obtain the sensitivity of different
crack arrest measures to the impact tendency of fractured rock, provide a theoretical basis
for the rational selection of crack arrest measures for roadways, improve the support
capacity of surrounding rocks, and ensure the stability of roadway-surrounding rocks. In
addition, the research results of this paper provide some guidance for the selection of crack
arrest parameters and scheme design in practical rock engineering.

2. Materials and Methods

PFC simulation software is widely used in the study of basic mechanical properties
and fracture propagation of rock materials. PFC numerical simulation software’s medium
is composed of rigid particles, which are connected by cohesive contact. The cohesive
contacts between rigid particles are broken and separated from each other, which simulates
the generation and propagation of cracks in the medium. PFC simulation software is
suitable for analyzing the meso-characteristics (crack cracking, crack penetration) in the
process of progressive rock failure. In essence, it can reflect the macroscopic mechanical
behavior of rock and can make up for the drawback that it is impossible to study mesoscopic
characteristics in laboratory tests. PFC simulation software is based on particle flow theory
and uses the contact model between particles to abstract rock into a collection of discrete
particles [36-38]. The contact models between particles mainly include pure friction, contact
bonding, and parallel bonding models [39-41]. Because the parallel bonding model can
transmit not only force but also bending moment, this paper chooses the parallel bonding
model to simulate the rock failure process.

The rocks used in the experiment were taken from the southern No. 2 mining area
of the DongRong Coal Mine in Heilongjiang Province, China. The rock is fine sandstone,
dark gray, with a small amount of pyrite nodules and plant rhizome fossils. The grouting
material is a mixture of cement and silicate. The mechanical properties of rock materials
and grouting materials should be obtained before numerical simulation to facilitate the
determination of numerical simulation parameters. The model size of rock specimens and
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grouting material specimens is 50 x 100 mm. Displacement loading was used in the
experiment, and the loading rate was 0.005 m/s.

Figure 1 is the comparison result of numerical simulation and experimentation of
rock and grouting materials. The stress—strain curve of numerical simulation is similar to
that of the experimental stress—strain curve, and the variation curve and failure modes of
rock and grouting materials are similar. The results show that the parameters of numerical
simulation of rock and grouting materials meet the experimental requirements. The micro
parameters of rock and grouting materials are shown in Table 1.
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Figure 1. The results of numerical simulation and experimentation of rock and grouting materials.

Table 1. Mechanical parameters of rock and grouting materials.

Micro Parameters Grouting Materials Rock
Particle density/(kg-m~3) 3320 2350
Radius range/mm 0.2-0.3 0.2~0.3
Friction coefficient 0.45 0.18
Contact modulus/GPa 18 7
Parallel bond modulus/GPa 13 11
Parallel bond normal/tangential strength/MPa 45 16
Parallel bond normal/tangential stiffness 3.2 2.9
The parallel bond radius value 1 1

To study the effects of the grouted arrest measure, the anchored crack arrest measure,
and the grouted anchored arrest measure on mechanical properties; crack propagation
and crack arrest effect of fractured rock mass and the fractured rock model with different
crack numbers made respectively. The model size is 50 x 100 mm. The specimens of
the numerical simulation tests and the specimens of the physical test have the same size
to better analyze the influence of different crack numbers and crack arrest measures on
the mechanical properties of rock specimen and crack arrest effect [42]. The model is
shown in Figures 2—4. Uniaxial compression experiments were carried out on fractured
rock specimens with different crack arrest measures to explore the crack propagation law.
Displacement loading was used in the experiment, and the loading rate was 0.005 m/s.
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Figure 2. Single-fractured rock.
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Figure 3. Double-fractured rock.
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Figure 4. Triple-fractured rock.

3. Experimental Results and Discussion
3.1. Mechanical Characteristics

Figure 5 is the stress—strain curve of fractured rock with different crack arrest measures.
The greater the crack number, the lower the peak stress and the greater the peak strain
of the fractured rock, the greater the peak stress and peak strain of the grouted rock. The
greater the crack number, the lower the peak stress and the greater the peak strain of the
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anchored fractured rock. The greater the crack number, the greater the peak stress and the
smaller the peak strain of the grouted anchored rock.
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Figure 5. Stress—strain curve.

Figure 6 is the variation curve of peak stress of the fractured rock with different crack
arrest measures. The fracture reduces the peak stress of rock, the more the crack number,
the greater the reduction of peak stress.
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Figure 6. Variation curve of peak stress.

When the crack numbers in the grouted rock are one, two, and three, the peak stresses
are 14.76 MPa, 16.31 MPa, and 17.22 MPa, which are 5.58 MPa, 8.33 MPa, and 10.13 MPa



Sustainability 2022, 14, 13833

6 of 19

higher than those of the fractured rock without crack arrest measures, respectively. The
greater the crack number in the grouted rock, the greater the increase in peak stress.
The main reason is that the peak stress of the grouting material is large, the greater the
crack number, the greater the amount of grouting material used, the greater the effect of
improving the strength of the fractured rock, so that the peak stress of the fractured rock
with three cracks is high.

When the crack numbers in the anchored fractured rock are one, two, and three, the
peak stresses are 15.27 MPa, 12.18 MPa, and 11.25 MPa, which are 6.09 MPa, 4.20 MPa, and
4.16 MPa higher than those of the fractured rock without crack arrest measures, respectively.
The greater the crack number in the anchored fractured rock, the lower the increase in peak
stress. The main reason is that the range of the effective reinforcement of the bolt is limited.
When the crack number is 1, the bolt acting on the fractured rock can effectively prevent
crack expansion and increase the peak stress of the fractured rock. When there are multiple
cracks in the rock, some cracks are beyond the range of the effective reinforcement of the
bolt, the bolt cannot effectively prevent the cracks from expanding so that the peak stress of
the double-fractured rock is lower, the peak stress of the triple-fractured rock is the lowest.

When the crack numbers in the grouted anchored rock are one, two, and three, the
peak stresses are 16.64 MPa, 17.48 MPa, and 17.51 MPa, which are 7.45 MPa, 9.50 MPa,
and 10.41 MPa higher than those of the fractured rock without crack arrest measures,
respectively. The greater the crack number in the grouted anchored rock, the greater the
increase in peak stress. For fractured rocks with grouted anchored arrest measures, the
peak stress of single-fractured rock is the smallest, and the difference between the peak
stress of double-fractured rock and triple-fractured rock is small. It indicates that the effect
of increasing peak stress of multi-fractured rock with the grouted anchored arrest measure
is not obvious.

The peak stress of anchored single-fractured rock is greater than that of grouted single-
fractured rock, and the peak stress of grouted anchored single-fractured rock is greater than
that of anchored single-fractured rock. It shows that for improving the peak stress effect of
single-fractured rock, grouted anchored arrest measure > anchored crack arrest measure >
grouted arrest measure.

The peak stress of grouted multiple-fractured rock is greater than that of anchored
multiple-fractured rocks, and the peak stress of grouted anchored multiple-fractured rock
is greater than that of grouted multiple-fractured rocks. It is shows that for improving the
peak stress effect of multiple fractured rocks, grouted anchored arrest measure > grouted
arrest measure> anchored crack arrest measure.

The peak stress of the fractured rock with different crack arrest measures is fitted, and
the fitting formula is as follows:

The grouted arrest measure,

y =1.23x +13.64 (R* = 0.96) @
The anchored crack arrest measure,
y=—2.01x + 16.92 (R* = 0.82) )
The grouted anchored arrest measure,
y =0.43x + 16.34 (R* = 0.88) ®G)

Figure 7 is the variation curve of the elastic modulus of the fractured rock with different
crack arrest measures. The greater the crack number, the lower the elastic modulus of
the anchored fractured rock, the greater the elastic modulus of the grouted rock and the
grouted anchored rock. Filling the grouting material in the crack can change the rock
properties and increases the elastic modulus of the fractured rock.
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Figure 7. Variation curve of elastic modulus.

When the crack number is constant, the elastic modulus of the grouted anchored rock
is the largest, the elastic modulus of the grouted rock is second, and the anchored fractured
rock is the smallest. It shows that the grouted anchored arrest measure can effectively
improve the elastic modulus of the fractured rock.

The elastic modulus of the fractured rock with different crack arrest measures is fitted,
and the fitting formula is as follows:

The grouted arrest measure,

y = 0.081x + 2.58 (R* = 0.98) @)
The anchored crack arrest measure,
y=—0.36x +2.68 (R* = 0.81) ®)
The grouted anchored arrest measure,
y=0.15x + 2.33 (R* = 0.94) (6)

3.2. Fracture Propagation

Figure 8 is the variation curve of the crack number. The variation of the crack number
can effectively reflect the fracture propagation of the fractured rock with different crack
arrest measures. The cracks generated in the rock specimen grow in steps. The main reason
is that fracture propagation is driven by energy. When the energy gathered at the crack
tip meets the requirements of fracture propagation, the crack expands. At the initial stage
of loading of coal-rock composite structure, the pores and cracks in the rock samples are
gradually compacted, no cracks are produced in this process. With the increase of stress, the
crack tip and the fragile part of the specimen first meet the fracture propagation conditions,
and the cracks expand or produce small cracks, the cracks increase. With the development
and expansion of small cracks, small cracks are gradually connected to form larger cracks,
the cracks increase again. Large cracks continue to expand and develop, forming large
macroscopic cracks, the phenomenon of specimen cracking, sidewall and spalling appears,
the cracks increase sharply. As can be seen from the figure, the development and expansion
of cracks can be divided into four stages.
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Figure 8. Variation curve of the crack number.

In the first stage, the pores and cracks in the rock specimen are gradually compacted,
and no new cracks are produced.

In the second stage, the stress is higher than the crack initiation stress, the micro-cracks
in the rock specimen begin to develop, the crack number increases slowly.

In the third stage, the stress continued to increase, the cracks in the rock expanded
rapidly, the crack number increased in steps, the large macro-cracks were generated inside
the specimen.

In the fourth stage, the macro-cracks in the rock specimen are connected, the crack
number increases rapidly in a straight line, and the rock specimen is destroyed at this stage.

Figures 9-11 are the rose diagram of the direction of fracture propagation in the
fractured rock under different crack arrest measures. The range of weak areas formed by
different crack numbers in the fractured rock is different. The position and direction of
crack expansion in the weak area are also different under the action of axial stress. The
grouted arrest measure, the anchored crack arrest measure, and the grouted anchored
arrest measure have different crack arresting mechanisms for the fractured rocks with
different crack numbers, resulting in different fracture propagation directions and crack
numbers in the fractured rocks with different crack arrest measures. It can be seen that
the crack number is relatively large in the direction of 75-105°, indicating that the fracture
propagation direction is mainly along the stress direction. The crack number generated
in all directions of the fractured rock and the anchored fractured rock is smaller than that
of the grouted rock and the grouted anchored rock. The greater the crack number, the
greater the crack number generated in all directions in the grouted rock and the grouted
anchored rock. It shows that the grouted arrest measure aggravated the crack number in
each direction.
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Figure 11. Rose diagram of the fracture propagation direction of triple-fractured rock.

Figure 12 is the variation curve of the total crack number. The total crack number
in the fractured rock with crack arrest measure is greater than that in the fractured rock
without crack arrest measure. Because the crack arrest measures hinder crack expansion
and development, the failure of the rock specimen needs more stress, the failure time of
the rock specimen is prolonged, and the fracture has more time to develop. Thus, the total
crack number of fractured rock specimens with crack arrest measures increases.
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Figure 12. Variation curve of total crack number.

The greater the crack number, the less the total crack number when the anchored
fractured rock is damaged, and the greater the total crack number when the grouted rock
and the grouted anchored rock are damaged.

The total crack numbers of single-grouted rock, double-grouted rock and triple-
grouted rock are 2094, 2351, and 2793, which is 858, 1188, and 1673 more than the total
crack number in the fractured rock without crack arrest measures, respectively. The total
crack number of single-anchored fractured rock, double-anchored fractured rock, and
triple-anchored fractured rock is 4058, 2851, and 2504, which is 2822, 1688, and 1384 more
than the total crack number in the fractured rock without crack arrest measures, respec-
tively. The total crack numbers of single-grouted anchored rock, double-grouted anchored
rock and triple-grouted anchored rock are 3905, 4058 and 4310, which is 2669, 2895 and
3190 more than the total crack number in the fractured rock without crack arrest measures,
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respectively. The greater the crack number in the fractured rock, the greater the increase of
the total crack number when the grouted rock and grouted anchored rock is damaged, the
less the increase of the total crack number when the anchored fractured rock is damaged.
The total crack number of the fractured rock with different crack arrest measures is
fitted, and the fitting formula is as follows:
The grouted arrest measure,

y =349.5x + 1713.67 (R* = 0.95) )
The anchored crack arrest measure,
y = —777x +4691.67 (R* = 0.81) ®)
The grouted anchored arrest measure,
y = 202.5x + 3686 (R* = 0.96) ©)

3.3. Failure Characteristics

Figure 13 shows the failure characteristics of fractured rocks with different crack arrest
measures.

t) Gotig thre

cracked rock

v () Anchored (i) Anchored three  (j) Grouting and (k) Grouting and (1) Grouting a

double cracked rock cracked rock anchored single anchored double anchored three
cracked rock cracked rock cracked rock

(g) Anchored single
cracked rock

Figure 13. Failure characteristics of fractured rocks with different crack arrest measures.

The anchored crack arrest measure forms a lateral constraint on the fractured rock,
which prevents the development and expansion of cracks within the range of bolt reinforce-
ment. However, a single anchor bolt only has a good anchoring effect on the fractures in
the middle part of the fractured rock, and the fractures outside the anchoring range still
develop and expand.

The grouted arrest measure fill the original cracks with grouting materials, improve the
strength of the weak parts of the fractured rock, and increase the ability of the fractured rock to
resist crack expansion. The more cracks, the greater the amount of grouting materials, the greater
the strength of the fractured rock, and the stronger the ability to resist the crack expansion.
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The grouted anchored arrest measure not only restrains the crack expansion, but also
strengthens the weak parts of the fractured rock, effectively preventing the development
and expansion of the crack.

The single-fractured rock specimen produces more cracks at both ends of the fracture
and forms a wide crack zone. The crack zone extends to both sides along the original
fracture to the edge of the specimen. The double-fractured rock specimens and triple-
fractured rock specimens mainly produce large crack zones at the crack tip in the middle of
the specimen.

There is no crack expansion at the crack tip of the grouted rock, but two intersecting
crack zones are formed above the grouted, the angle between the two crack zones decreases
gradually with the increase of the crack number. It indicates that the fractured rock with
the grouted arrest measure can effectively prevent the fracture propagation at the original
crack tip and change the crack propagation characteristics.

There is no crack expansion at the crack tip of the single-anchored fractured rock, the
rhombic crack zone with a certain angle is formed above and below the original fracture.
Because a certain range of anchoring area is formed around the crack and the bolt under the
action of the bolt, which prevents the crack from expanding, especially the original crack
tip. The double anchored fractured rocks produce a crack zone at the tip of the two original
cracks, and the development direction of the crack zone is approximately perpendicular to
the original crack. The triple-anchored fractured rocks produce a crack zone at the tip of the
upper and lower original two original fractures, but there is no crack zone around the original
fracture in the middle of the fractured rock. It indicates that the anchor belt has a certain
anchoring effect on the intermediate original crack and effectively prevents crack expansion.

The grouted anchored rock produces diamond-shaped crack zones in the upper and
lower parts of the original fracture, and no crack occurs at the tip of the original fracture.
It indicates that the grouted anchored arrest measures form a certain range of anchoring
area around the grouted and the bolt, the rock in the anchoring area has a higher ability to
prevent the crack development.

3.4. Impact Energy Index

Impact tendency is an inherent property of rock, which can be expressed by impact
energy index Ke. The impact energy index can be expressed by the ratio of pre-peak energy
to post-peak energy in the process of rock uniaxial compression. The judgment basis of
impact tendency is shown in Table 2.

Table 2. The judgment basis of impact tendency.

Classification I II II1
Impact tendency None Weak Strong
Impact energy index Kg<1.5 1.5<Kg<b Kg>5

3.4.1. Pre-Peak Energy and Post-Peak Energy

The pre-peak energy of fractured rocks with different crack arrest measures is calcu-
lated, the results are shown in Figure 14. The pre-peak energy of the fractured rock without
crack arrest measure is the smallest, the pre-peak energy of the fractured rock with grouted
anchored arrest measure is the largest. It shows that the grouted arrest measure and the
anchored crack arrest measure are beneficial to the accumulation of pre-peak energy.
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Figure 14. Histogram of pre-peak energy.

When the crack number is one, the order of pre-peak energy of fractured rocks with
different crack arrest measures is as follows, grouted arrest measure < anchored crack
arrest measure < grouted anchored arrest measure. It shows that it is more advantageous
to gather the pre-peak energy of a single fractured rock with a grouted anchored arrest
measure. When the crack number is two or three, the pre-peak energy of fractured rocks
with grouted anchored arrest measure is larger than that of fractured rocks with anchored
crack arrest measure. Because the number of bolts used in multi-fractured rock is one, there
is no effective crack arrest for more cracks. The grouted arrest measure of single fractured
rocks is more beneficial to gathering the pre-peak energy.

Figure 15 is a histogram of post-peak energy of fractured rocks with different crack
arrest measures. When the crack number is different, the post-peak energy of fractured
rocks with anchored crack arrest measure is larger, indicating that the bolt can increase the
post-peak energy of fractured rocks. With the increase of the crack number, the post-peak
energy of the fractured rock without crack arrest measures gradually increased, and the
post-peak energy of the fractured rock with a grouted arrest measure gradually decreased.
Among them, when the crack number is two, the post-peak energy of the fractured rock
with anchored crack arrest measure is the largest. When the crack number is two, the bolt
can control the crack expansion and prolong the deformation of the fractured rock after the
peak stress. When the crack number is three, the action range of the bolt can only prevent
the central crack expansion, but cannot prevent the crack expansion of the upper and lower
fractured rock.
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Figure 15. Histogram of post-peak energy.

3.4.2. Impact Energy Index

Figure 16 is a histogram of the impact energy index of fractured rocks with different
crack arrest measures. The impact energy index of fractured rock without crack arrest
measures decreases with the increase of the crack number. Because the stability of fractured
rock with a higher crack number is poor, the capacity of bearing energy is smaller, and the
impact energy index is smaller.

B Cracked Rock [ Grouting Cracked Rock
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Figure 16. Histogram of the impact energy index.

The impact energy index of fractured rock with grouted arrest measures increases
with the increase of the crack number. Because the grouting material is filled into the crack,
the mechanical properties of the fractured rock are changed. The more cracks there are, the
more grouting materials are filled, and the larger the impact energy index is.

The impact energy index of the fractured rock without crack arrest measures and the
fractured rock with grouted arrest measures are both greater than five, which has a strong
impact tendency.

The impact energy index of the fractured rock with the anchored crack arrest measure
and the grouted anchored arrest measure are significantly lower than that of the fractured
rock without crack arrest measures. The anchored crack arrest measure makes the impact
energy index of the fractured rock drop significantly, all of which are below five, and the
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impact energy index of the fractured rock is the minimum when the crack number is two.
The impact energy of the fractured rock with anchored crack arrest measures and grouted
anchored arrest measures is small. The post-peak energy of the anchored fractured rock
is large, which makes the impact energy index of the anchored fractured rock small and
reduces the impact risk.

The impact energy index of the fractured rock with different crack arrest measures is
fitted, and the fitting formula is as follows:

The grouted arrest measure,

y = 6.80x + 7.01 (R? = 0.88) (10)
The anchored crack arrest measure,
y=—0.33x +3.40 (R* =0.71) (11)
The grouted anchored arrest measure,
y =0.44x + 4.12 (R* = 0.76) (12)

4. Sensitivity Analysis

Sensitive factors can quantitatively analyze the sensitivity of influencing factors to
target values [43,44]. This paper uses sensitivity factors to analyze the sensitivity of different
crack arrest measures to the peak stress, elastic modulus, total crack number and impact
energy index of fractured rock [45-47]. The expression of the sensitive factor is as follows,

i (i=1,2,...n) (13)

where the Sxi is the sensitive factor, the g(x) is the relation function of parameter xi, the
g(x)" is the value when parameter xi takes the reference value x}.
Therefore, the sensitivity percentage yxi can be expressed as,

(14)

_ | S
r)/xz ’ Z;i:l le

The larger the value 7,;, the more sensitive and dependent the indicator xi is on the
parameter g(x). Hu et al. (2021) divided the design parameters into four levels according to
the sensitivity percentage, important parameter, primary parameter, secondary parameter,
and negligible parameter [44]. The sensitivity classification is shown in Table 3.

Table 3. The sensitivity classification.

Parameter Classification

Important Parameter Primary Parameter Secondary Parameter Negligible Parameter

Sensitive percentage 7.;

[100%, 50%] (50%, 25%] (25%, 5%)] (5%, 0%]

Based on the sensitivity analysis, the sensitivity percentages of grouted arrest mea-
sures, anchored crack arrest measures and grouted anchored arrest measures to the peak
stress, elastic modulus, total crack number and impact energy index of fractured rock are
calculated respectively. The results are shown in Figure 17.
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Figure 17. Pie chart of the sensitive percentage.

The sensitivity percentages of peak stress of fractured rock with grouted arrest mea-
sures and anchored crack arrest measures are 38.56% and 37.83%, respectively, which are
the primary parameters; the sensitivity percentage of grouted anchored arrest measures is
23.62%, which is a secondary parameter.

The sensitivity percentage of elastic modulus of fractured rock with grouted anchored
arrest measures is 54.6%, which is the important parameter; the sensitivity percentage of
anchored crack arrest measures is 32.17%, which is a primary parameter; the sensitivity
percentage of grouted arrest measures is 13.23%, which is a secondary parameter.

The sensitivity percentages of total crack numbers of fractured rocks with grouted
arrest measures, anchored crack arrest measures, and grouted anchored arrest measures
are 42.50%, 31.14%, and 26.36%, respectively, which belong to the primary parameters.

The sensitivity percentages of the impact energy index of fractured rock with grouted
arrest measures is 70.70%, which is an important parameter; the sensitive percentages of
anchored crack arrest measures and grouted anchored arrest measures are 15.44% and
13.86% respectively, which belong to secondary parameters.

5. Conclusions

The greater the crack number, the greater the peak stress and peak strain of the
grouted rock, the peak strain of the anchored fractured rock and the peak stress of the
grouted anchored rock, and the smaller the peak stress of the anchored fractured rock and
the peak strain of the grouted anchored rock. The effect of improving the peak stress of
a single fractured rock is as follows, grouted anchored arrest measure > anchored crack
arrest measure > grouted arrest measure. The effect of improving the peak stress of multi-
fractured rock is as follows, grouted anchored arrest measure > grouted arrest measure>
anchoring crack arrest measure.

With the increase of the crack number, the elastic modulus of fractured rock and
anchored fractured rock decrease gradually, the elastic modulus of grouted rock and
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grouted anchored rock increase gradually. When the crack number is constant, the elastic
modulus of grouted anchored rock is the largest, the elastic modulus of the grouted rock is
the second, and the elastic modulus of the anchored fractured rock is the smallest.

The crack number generated in all directions of the fractured rock and the anchored
fractured rock is smaller than that of the grouted rock and grouted anchored rock. The
crack propagation direction is mainly along the stress direction. The original crack number
is directly proportional to the total crack number when the grouted rock and anchored
fractured rock breaks, and inversely proportional to the total crack number when anchored
fractured rock breaks.

The pre-peak energy of single-anchored fractured rock and grouted rock is larger. The
post-peak energy of the grouted rock decreases gradually with the increase of the crack
number. The fractured rock and the grouted rock have a strong impact tendency. The
anchored fractured rock and grouted anchored rock have a weak impact tendency.

Grouted arrest measures are important parameters for impact energy index, primary
parameters for peak stress and total crack number, and secondary parameters for elastic
modulus. Anchor crack arrest measures are the primary parameters for peak stress, elastic
modulus and total crack number, and the secondary parameters for impact energy index.
Grouted anchored arrest measures are important parameters for elastic modulus, primary
parameters for total crack number, and secondary parameters for peak stress and impact
energy index.
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