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Abstract
Bond strength is one of the most important parameters and can affect the macroscopic mechanical
properties and the damage state of the rock to some degree. The coarse-grained sandstone with strength
of less than 40 MPa was studied by the controlled variable method. The in�uence of parallel bond
strength on the peak strength and failure mode of coarse-grained sandstone was simulated, the evolution
law of peak strength and failure mode of bond strength were comprehensively analyzed. The results
show that the peak strength of rock was positively correlated with the bond strength, the difference value
between tensile and shear crack was negatively correlated with tensile bond strength and positively
correlated with shear bond strength. Tensile-shear bond strength ratio less than 0.5, the peak strength of
the rock was usually stable at the certain extreme value under a constant tensile bond strength. Tensile
crack was negatively correlated with the tensile-shear bond strength ratio, shear crack was positively
correlated with the tensile-shear bond strength ratio. The failure mode of coarse-grained sandstone is
shear failure. The research results can be used to guide the ground control of other mine stopes or
roadways with weak cementation lithology.

Introduction
Weakly cemented coal measures are widespread in western China (Zhang et al., 2015, Meng et al., 2016).
However, its diagenesis environment in Western China was different from that in central and eastern
China (Wang et al., 2019,). The insu�cient diagenesis results in the low strength, easy disintegration,
easy weathering, poor cementation of the weakly cemented rock; once exposed to water, the weakly
cemented rock tend to be muddy (Meng et al., 2015, Bai et al., 2020). As a result, the failure, rupture, and
fracture of the surrounding rock under the mining disturbance in the western mining area are different
from that in the central-eastern mining area (Yang et al., 2017, Zhang et al., 2018). When the macroscopic
cracks of weakly cemented rock are not through, the rock can be considered as an entirety. When the
collapse failure occurs, the rock becomes a loose mass, which has a great relationship with the
cementation performance of the rock. Bond strength is an important index to characterize the
performance of rock cementation. The mechanical properties and failure mode of weakly cemented rocks
can be further explored by studying the relationship between bond strength and rock strength.

The particle �ow discrete element method has been widely used to study microscopic mechanical
properties of the rock. In the PFC program software, the particle �ow discrete element method is used as
the basis for the theory, the rigid bodies with masses are used as particles, and the interaction motion and
force action between particles are studied to solve the macroscopic and complex practical problems
(Shimizu et al., 2010). At present, the relationship between micro-parameters and macro-mechanical
properties of rocks had been studied by PFC software (Potyondy and Cundall, 2004, Hsieh et al., 2008,
Kazerani and Zhao, 2010, Su et al., 2011, Yi et al., 2011, Zhou et al., 2012, Obermayr et al, 2013, Zhang et
al., 2016, Zhang et al, 2019, Wang Min, 2020). ABi analyzed the quantitative relationship between micro-
parameters and the macro-parameters by means of variable control, and the results of the laboratory
tests were consistent with those of the numerical simulation, indicating that micro-parameter results are



Page 3/19

reliable (ABi et al., 2018). Cong analyzed the correlation between the macroscopic mechanical
characteristics of the rock and the microscopic parameters through the loading and unloading tests on
the marble. The elastic modulus of the parallel bond was linearly related to the macroscopic elastic
modulus; in particular, the secondary failure surface of the rock sample decreases with the increase of the
friction factor (Cong et al., 2015). Zhao discussed the in�uence of some microscopic parameters of the
parallel bonding model on the macroscopic deformation parameters (Zhao et al., 2012). Su analyzed the
effect of particle size on macro-mechanical properties by uniaxial compression simulation tests (Su et al.,
2018). Through different experimental design methods, Yoon obtained microscopic parameters that have
a signi�cant in�uence on the failure characteristics of the model (Yoon J, 2007). By numerical
experiments, Yang �tted the approximate expressions of the compressive strength, elastic modulus, and
Poisson’s ratio of the parallel bonding model (Yang et al., 2006). Xu developed a �ne-scale structural
model of limestone and obtained the microscopic parameters mechanical parameters of limestone (Xu et
al., 2011). Through uniaxial compression and Brazilian splitting tests, Deng concluded that the peak
strength of hard rocks was mainly in�uenced by the bond strength (Deng et al., 2019). In previous studies,
the relationship between macroscopic mechanical properties and micro-parameters of rocks was
discussed from different perspectives. It was pointed out that microscopic parameters determine the
mechanical behavior characteristics of rocks. Hard rocks were mainly studied in these studies, while soft
rocks have been rarely discussed. In western China mines, the rock strength of most coal seams is
relatively low, and the surrounding rock of roadways is subject to frequent deformation. It is of guiding
signi�cance for roadway support to deeply study the in�uence of the weakly cemented rocks (Wang et al.,
2017, Meng et al., 2014).

Considering the real conditions of weakly cemented rocks in western mining areas, the in�uence of the
bond strength on the peak strength and the failure mode of rock were investigated through numerical
simulation. This paper provides a basis and reference for further understanding of the relationship
between the strength of weakly cemented rocks and the development of cracks in surrounding rocks after
engineering disturbances.

Models

2.1 Basic mechanical parameters of coarse-grained
sandstone
Hongqinghe Coal Mine is located in the southwest of Erdos City, Inner Mongolia Autonomous Region,
China. Coal seams in this mine are a typical weakly cemented formation, with low rock strength and easy
disintegration once exposed to water. During the roadway excavation of Hongqinghe Coal Mine, coarse-
grained sandstone samples were collected and processed into standard test pieces of Φ50mm100mm
according to the method recommended by the international society of rock mechanics. Table 1 shows the
basic mechanical properties of weakly cemented coarse-grained sandstone after laboratory tests.
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Table 1
Basic mechanical parameters of coarse-grained sandstone

Parameter Specimen
1

Specimen
2

Specimen
3

Specimen
4

Specimen
5

Specimen
6

Compressive
strength /MPa

11.56 27.25 13.52 15.37 22.35 30.16

Tensile strength
/MPa

1.30 2.87 0.85 0.74 1.88 2.98

Cohesion /MPa 3.30 6.53 3.30 3.30 6.53 6.53

Internal friction angle
/°

35.20 39.10 35.20 35.20 39.10 39.10

2.2 Discrete element model of coarse-grained sandstone
The research has shown that the parallel bond model discrete element particle model can be used to
simulate many kinds of mechanical properties of rock-like materials (Yoon J, 2007). The tensile bond
strength and shear bond strength in the parallel bond model had a great in�uence on the change of peak
strength and the evolution of failure mode.

The research results of previous scholars were generally the study of multiple micro-parameters on
macro-parameters, and there were few studies on the macroscopic properties of rock by a single
parameter. This article only studies the in�uence of bond strength (tensile bond strength and shear bond
strength) on rock failure.

Based on the basic mechanical properties of weakly cemented coarse-grained sandstone in Hongqinghe
Coal Mine, the rock with peak strength of less than 40 MPa was used for analysis. According to the basic
mechanical data of coarse-grained sandstone in Hongqinghe Coal Mine and the parameter of previous
research (Su et al., 2018), the micro parameters of the parallel bond model were determined (Table 2), and
the two-dimensional granular �ow coarse-grained sandstone model was constructed, in which tensile
bond strength and shear bond strength were only the two in�uencing parameters. Since coarse-grained
sandstone with peak strength less than 40 MPa was used, the upper limits of tensile bond strength and
shear bond strength were considered. For simplicity, it was assumed that the same values of tensile bond
strength and shear bond strength were the maximum values of the peak strength of the coarse-grained
sandstone model within the numerical range. As shown in Fig. 1.
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Table 2
Micro-parameters of the model

Parameter Value Parameter Value Parameter Value

Particle density/
kg·m− 3

2195 Particle stiffness ratio 2.6 PBM stiffness ratio 2.6

Porosity 0.16 PBM elastic modulus
/Pa

4e9 PBM Radius factor 1.0

Particle size ratio 1.66 Local damping
coe�cient

0.7 Particle friction
coe�cient

0.6

If = 27 MPa and σu = 40 MPa, then the bond strength ranged from 1 ~ 27 MPa. When the value

of the bond strength was the integer, the number of experimental results was  = 729, which was a
large amount of data. If the value of the bond strength was taken as an integral multiple of 5, the number

of experimental results was , which was di�cult to characterize the macro parameter law of
rock. For the above reasons, the integral multiple of 2 was selected as the value of the bond strength, and

the total number of experimental results was   = 196.

Experimental Results And Analysis

3.1 Relationship between bond strength and peak strength
Figure 2a shows the effect of tensile bond strength on peak strength. When the shear bond strength was
1 MPa, the change of the tensile bond strength had little effect on the peak strength. When the shear
bond strength was 3–17 MPa, the growth rate of the curve decreased when the two bond strength were
equal. When the shear bond strength was 19–27 MPa, the relationship between peak strength and tensile
bond strength had a linearly increased relationship as follows.

Figure 2b shows the effect of shear bond strength on peak strength. It can be seen that when the tensile
bond strength was 1–13 MPa, the peak strength increased rapidly at �rst and then increased slowly;
when the upper limit of peak strength was reached, it no longer increased. However, when the tensile bond
strength was 13–27 MPa, there was no upper limit of the peak strength.

Through the comparison of Fig. 2a and Fig. 2b, it can be seen that the relationship between peak strength
and tensile bond strength was positively correlated, the relationship between peak strength and shear
bond strength was positively correlated. But the in�uence of tensile bond strength and shear bond
strength on peak strength was different. Through the comparison, the relationship between peak strength
and shear bond strength can be divided into three stages: if shear bond strength ranged from 1–7 MPa,
peak strength was in the accelerated increase stage; if shear bond strength ranged from 9–17 MPa, peak
strength was in the slow increase stage; and if shear bond strength ranged from 19–27 MPa, peak
strength was in the stable �uctuation stage. The relationship between peak strength and shear bond
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strength also experienced a three-stage change, which was more convergent than that between peak
strength and shear bond strength. Besides, if the tensile bond strength or shear bond strength increased,
the value of peak strength did not change from the curve of tensile bond strength or shear bond strength
of 1 MPa. Because the rock formations mined in western mines are mostly weakly cemented rock
formations, the rock strength is generally low, and the tensile bond strength is more accurate than the
shear bond strength for the rock strength adjustment. The focus of research can be on the in�uence of
the tensile bond strength on other low-strength weakly cemented rocks.

3.2 Effect of bond strength on failure mode
Under uniaxial compression, tensile and shear cracks were generated on the rock by tensile and shear
bond fractured caused by stress. If there were more tensile cracks than shear cracks, the failure mode
was the tensile failure; otherwise, it was the shear failure. In this paper, the failure mode was
characterized by the difference between tensile crack and shear crack. If the difference between tensile
crack and shear crack was positive, the failure mode was the tensile failure. If the difference between
tensile crack and shear crack was negative, the failure mode was the shear failure. If the difference
between tensile crack and shear crack was zero, the failure mode was the composite tensile-shear failure.

Figure 3a shows the effect of tensile bond strength on the difference between tensile crack and shear
crack. It can be seen that there was a negative correlation between tensile bond strength and the
difference between tensile crack and shear crack. When the shear bond strength was 1 MPa, the
difference between tensile crack and shear crack rapidly decreased from positive value to negative value
and then tended to be stable. When the shear bond strength was 3–13 MPa, the difference between
tensile crack and shear crack decreased slowly from positive value to negative value. When the shear
bond strength was 15–27 MPa, the difference between tensile crack and shear crack was positive.

Figure 3b shows the effect of tensile bond strength on the difference between tensile crack and shear
crack. It can be seen that there was a positive correlation between the difference between tensile crack
and shear crack and tensile bond strength. When the tensile bond strength was 1 MPa, the difference
between tensile crack and shear crack was positive. When the tensile bond strength was 3–27 MPa, the
difference between tensile crack and shear crack increased rapidly at �rst, then increased slowly, and then
gradually increased from negative value to positive value.

When the tensile bond strength increased, the shear bond was broken before the tensile bond, and then
shear cracks were generated. In other words, as shown in Fig. 3a, with the increase of tensile bond
strength, the difference between tensile crack and shear crack decreased and more shear cracks are
generated and less the difference between tensile crack and shear crack, and the failure mode of rock
was transferred from tensile failure into shear failure. When the shear bond strength increased, the tensile
bond was broken before the shear bond, and tensile cracks were generated. As shown in Fig. 3b, with the
increase of shear bond strength, more tensile cracks were generated, the difference between tensile crack
and shear crack increased, and failure mode of rock was changed from shear failure to tensile failure.
Studying the failure modes of weakly cemented rocks is the prerequisite for exploring the failure laws of



Page 7/19

the rock formations in western mining areas. The control strength of the rock formations is an important
guarantee for the safe production of the mine. Further research on the failure modes of the rocks is
needed.

3.3 Effect of tensile-shear bond strength ratio
In this section, the in�uence of tensile-shear bond strength ratio on peak strength of rock can be
accurately characterized. Figure 4 shows the effect of tensile-shear bond strength ratio on peak strength.
When the shear bond strength was 1–7 MPa, the peak strength increased to the maximum value, and the
increase of the tensile-shear bond strength ratio had little effect on the peak strength. Combining Fig. 3, it
can be seen that the peak strength had maximum value in the same two bond strengths. As shown in
Fig. 4, the rock with shear bond strength of more than 7 MPa also had the maximum value.

Figure 5 shows the effect of tensile-shear bond strength ratio on the difference value between tensile
crack and shear crack. When the tensile-shear bond strength ratio was less than 2, the difference value
between tensile crack and shear crack was more than 0, and tensile failure occurred in the rock. When the
tensile-shear bond strength ratio was more than 2, the difference value between tensile crack and shear
crack was less than 0, and shear failure occurred in the rock. When the tensile-shear bond strength ratio
was 2, the difference value between tensile crack and shear crack was 0, and the composite tensile-shear
failure occurred in the rock.

Discussion

4.1 Analysis of maximum value of peak strength
As shown in Fig. 4, the hypothesis was not true that the peak strength was the maximum value when the
tensile-shear bond strength ratio was 1. Therefore, the relationship between tensile-shear bond strength
ratio and peak strength should be further discussed.

Since the assumption was not valid, the law obtained in Fig. 4 was considered, the integer of the tensile-
shear bond strength ratio within 1–10 was taken. First, the shear bond strength remained unchanged, the
tensile-shear bond strength ratio was taken as an integer within 1–10. Second, the tensile bond strength
was unchanged and the tensile-shear bond strength ratio was taken as the value, the peak strength
decreased gradually and the maximum value of the peak strength not can be judged. Therefore, the
tensile bond strength was unchanged and the value of tensile bond strength was based on the inverse of

tensile-shear bond strength ratio  (the shear-tensile bond strength ratio), as shown in Fig. 6.

Figure 6a shows that when the tensile-shear bond strength ratio was 7, the peak strength with different
shear bond strength was the maximum value of the peak strength. Figure 6b shows that when the inverse
of tensile-shear bond strength ratio was 2, i.e. the tensile-shear bond strength ratio was 0.5, the peak
strength was the maximum value. When the tensile-shear bond strength ratio was less than 0.5, the peak
strength was the maximum value and no longer increased with the increase of shear bond strength.
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Therefore, when the tensile bond strength was constant, the tensile-shear bond strength ratio less than
0.5 should be avoided when the shear bond strength was increased.

According to the data �tting in Fig. 6a, the functional relationship between the tensile-shear bond strength
ratio and shear bond strength, and the functional relationship between the maximum value of the peak
strength and shear bond strength of rock was obtained as follows:

Kc = 7    (1)

  (2)

where Kc is the tensile-shear bond strength ratio; σm is the maximum value of the peak strength;  is the
shear bond strength.

According to the data �tting in Fig. 6b, the functional relationship between the inverse of tensile-shear
bond strength ratio and tensile bond strength, and the functional relationship between the maximum
value of the peak strength and tensile bond strength of rock was obtained.

   (3)

  (4)

where  is the inverse of tensile-shear bond strength ratio;  is the tensile bond strength.

When the tensile bond strength or the shear bond strength was set, the maximum value of the peak
strength and the tensile-shear bond strength ratio can be calculated. In Fig. 7a, the shear bond strength
was 13 MPa and the tensile-shear bond strength ratio was7; in Fig. 7b, the tensile bond strength was 23
MPa and the inverse of tensile-shear bond strength ratio was 2, i.e. the tensile-shear bond strength ratio
was 0.5, the peak strength was 40 MPa. The function slope of the maximum value of the peak strength
and tensile bond strength was smaller than that of the maximum value of the peak strength and shear
bond strength. The change of tensile bond strength had a more delicate in�uence on the maximum value
of the peak strength. Therefore, the tensile bond strength was more effective than the shear bond
strength in controlling the peak strength of the rock. The strength of the rock can be adjusted within the
range of greater than 0.5 and less than 7 by adjusting the tensile-shear bond strength ratio, and according
to the law of the extreme value of the peak strength of the rock, combined with the in-situ stress, the
corresponding support and support methods can be adjusted.

4.2 Analysis of failure mode limit and crack evolution
Because when the tensile-shear bond strength ratio was 2, the difference value between tensile crack and
shear crack was 0, and the failure mode of rock was more complex. In this section, when the tensile-shear
bond strength ratio was near 2 (Kc = 1.8, 1.9, 2.0, 2.1, 2.2), the situation of the difference value between
tensile crack and shear crack was discussed. Because the tensile bond strength was negatively correlated
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with the tensile-shear bond strength ratio, the experimental data were arranged according to the same
shear bond strength.

Figure 8 shows the relationship between the difference value between tensile crack and shear crack and
tensile-shear bond strength ratio. When the shear bond strength was 19 MPa, the peak strength was 42.4
MPa, which was beyond the scope of the study, and the test data would not be added. It can be seen that
when the difference value between tensile crack and shear crack was 0, the tensile-shear bond strength
ratio was concentrated on 1.9–2.0; therefore, the limit of tensile failure and shear failure was 1.9–2.0,
and the failure mode of rock was the composite tensile-shear failure. Combined with the data in Fig. 5, it
was concluded that (1) the failure mode of rock was the tensile failure if tensile-shear bond strength ratio
was less than 1.9; (2) the composite tensile-shear failure if tensile-shear bond strength ratio was 1.9–2.0;
(3) the shear failure if tensile-shear bond strength ratio was more than 2.0.

Figure 9 shows the comparison of failure modes on tensile-shear bond strength ratio. Shear crack was
green, tensile crack was yellow. It can be clearly seen that the evolution rule of tensile cracks and shear
cracks with the increase of tensile-shear bond strength ratio. The bond strength was relatively low, the
cracks generated by bond fracture were distributed all over the rock interior, and then the cracks gathered
together to form the failure zone (tensile failure or shear failure). With the increase of the tensile-shear
bond strength ratio, the shear crack increased gradually, and the tensile cracks decreased gradually. The
failure mode was changed from the tensile failure of multiple fracture zones in the middle of the rock to
the shear failure in the direction of a single diagonal fracture zone.

4.3 Failure mode of coarse sandstone
The rock sample used in the test was weakly cemented coarse-grained sandstone in Hongqinghe Coal
Mine. The core was cut according to the international rock mechanics test standard, and the SAS-2000
servo testing machine was used to perform this test. Figure 10 show the stress-strain evolution curve and
crack evolution process of the laboratory test and numerical simulation. The stress-strain curves of the
laboratory test and numerical test were approximately the same, and there were some differences
between the growth rate of the elastic stage and the decline rate of the post-peak stage. The local
difference in the evolution of the stress-strain curve was explained as follows: there were original micro-
cracks in the coarse-grained sandstone samples, while there were no micro-cracks in the numerical
simulation model. According to the crack evolution rule in Fig. 10 and failure results of the laboratory
tests, it can be seen that the crack is �rstly generated from the ends of rock, which affected the peak
strength of the coarse-grained sandstone. In the middle section of the post-peak stage, the main cracks of
the failure mode of the coarse-grained sandstone were basically formed. The failure mode of coarse-
grained sandstone was the shear failure, and the crack of coarse-grained sandstone in the numerical
simulation was mainly shear crack (green crack). The failure mode of coarse-grained sandstone in the
numerical simulation was also consistent with that of coarse-grained sandstone in the laboratory test.
The peak strength and elastic modulus of numerical simulation and laboratory test were the same, the
evolution rule of stress-strain curve was consistent, and the failure crack was the same.
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According to the experiment and the study of the in�uence of bond strength on rock properties, it is
concluded that the strength of the weakly cemented coarse-grained rock formation in Hongqinghe Coal
Mine is about 20 Mpa and the rock formation is characterized by shear failure, combined with the law of
mine pressure in the western mines. Targeted control is carried out according to the characteristics of
rock formation, and the research results of this paper are instructive for the control of mine rock
formations.

Conclusion
By simulating different parameters of bond strength of weakly cemented coarse-grained sandstone, the
in�uence of bond strength on peak strength and failure mode was determined. The mechanical
parameters and failure crack of weakly cemented coarse-grained sandstone were veri�ed by laboratory
tests. The following conclusions are drawn:

(1) In the numerical simulation of the bond strength of weakly cemented coarse-grained sandstone, the
tensile bond strength is more sensitive to changes in the peak strength and failure mode of weakly
cemented coarse-grained sandstone than the shear bond strength. When other weakly cemented rocks
are studied, the tensile bond strength should be emphasized.

(2) Tensile bond strength and shear bond strength are established separately as a function of peak
strength. When the tensile-shear bond strength ratio ranges from 0.5 to 7, the peak strength of weakly
cemented coarse-grained sandstone can vary with the change of bond strength. When the tensile-shear
bond strength ratio is out of this range, the peak strength will not change. Therefore, the tensile-shear
bond strength ratio should be emphasized in studying weakly cemented rocks.

(3) When the tensile-shear bond strength ratio is greater than 2.0, the failure mode of the rock is the shear
failure. When the bond strength ratio is less than 1.9, the failure mode of the rock is the tensile failure.
When the bond strength ratio is 1.9–2.0, the failure mode of the rock is tensile-shear composite failure.
The failure mode of weakly cemented coarse-grained sandstone is the shear failure, and the bond
strength ratio is more than 2.0.

(4) Through the detection and experiment of rock samples, according to the strength and fracture mode
of the reference rock, the precursor traces of the rock formation fracture in the stope can be identi�ed, and
the rock formation can be controlled in time to prevent major fracture damage. This research has guiding
signi�cance for control of mine rock formation.
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Figure 1

The relationship between the equivalence bond strength and peak strength

Figure 2

Effects of bond strength on peak strength; (a) tensile bond strength; (b) shear bond strength
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Figure 3

Effects of bond strength on the difference between tensile crack and shear crack; (a) tensile bond
strength; (b) shear bond strength

Figure 4
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Effects of tensile-shear bond strength ratio on peak strength

Figure 5

Effects of tensile-shear bond strength ratio on the difference between tensile and shear crack

Figure 6



Page 17/19

Effects of the bond strength ratio on peak strength; (a) tensile-shear bond strength ratio; (b) shear-tensile
bond strength ratio

Figure 7

The relationship between bond strength and the maximum value of the peak strength; (a) tensile bond
strength; (b) shear bond strength

Figure 8
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Effects of tensile-shear bond strength ratio on the difference between tensile and shear crack

Figure 9

Failure mode of rock with different tensile-shear bond strength ratio
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Figure 10

Stress-strain curve and crack evolution of coarse-grained sandstone; (a) coarse-grained sandstone
sample 1; (b)coarse-grained sandstone sample 2; (c) coarse-grained sandstone sample 3


