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Abstract. Crack initiation, propagation and coalescence, induced by mining stress disturbance are the direct causes of
engineering geological hazards which posed a great threat to the safety of coal mining and the stability of engineering rock mass.
With the aid of Mining-Induced Stress Test System and Acoustic Emission(AE) monitoring system, the uniaxial compression
test of prefabricated large-size double-hole specimens were constructed. The field mining height, the borehole diameter and
borehole spacing were reduced in equal proportion. The strength, AE characteristics and fracture evolution process of specimens
under different conditions were systematically studied and the dimensionless damage risk coefficient was constructed based on
the current research. The formula for the theoretical calculation of reasonable borehole spacing for pressure relief is further
revised. Results show that: compared with the complete specimen, the peak strength, elastic modulus and crack initiation stress
of the double-hole specimens are significantly decreased. Basically the increase of the hole spacing shows an increasing trend
first and then it is decreased. The first tensile crack in the specimen with holes, is initiated close to the hole and it is propagated
along the direction of the maximum principal stress. The secondary tensile crack and shear crack are produced with the increase
of load and finally the tensile failure mode is formed. An obvious corresponding relationship is shown by the stress curve and
AE energy curve. The shear crack always accompanied with a large energy emission rate. The specimens show obvious brittle
failure, and internal cracks of the specimens create sudden changes in the rate of AE energy curve and energy accumulation
curve. The dimensionless damage risk coefficient can quantitatively characterize the stability of surrounding rock, the revised
calculation formula accomplished the field requirements. The research results strengthen the understanding of the mechanism of
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crack initiation and provide theoretical support for improving the reliability of engineering disaster prediction.
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1. Introduction

The study about stress-strain state and failure
mechanism of rock mass is one of the basic topic
throughout the development of engineering rock mass
mechanics. Initiation, propagation and coalescence of
underground cracks are induced due to mining stress
disturbance and it directly causes to engineering geological
hazards(Sun ef al. 2019, Kong et al. 2019, Erarslan 2016,
Leith et al. 2014, Gu et al. 2020, Baynes 2010, Diederichs
et al. 2004). Especially with the increase of mining depth
and strength year by year, the study on the mechanism of
crack propagation and fracture evolution during large-scale
rock uniaxial loading has guiding significance for guiding
borehole pressure relief in coal mine and selecting
reasonable parameters for high slope mining(Wang and
Ning et al. 2019, Rongkun et al. 2017, Meng, et al. 2019,
Lin et al. 2013).

With the application of popularization of fracture
mechanics and damage mechanics, many achievements
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have been made in the strength, deformation characteristics
and fracture evolution law of rock with defects(Afolagboye
et al. 2017, Bahaaddini et al. 2013, Tsangouri et al. 2019,
Huang et al. 2017, Li et al. 2017, Lin et al. 2015, Wang and
Tian 2018, Yang et al. 2019, Kong et al. 2018, Xi et al.
2018). For the specimens with prefabricated cracks, in the
early 20th century, Inglis(1913) established the model of
infinite plate with elliptical hole to show that the
concentration of stresses is affected by tensile stress.
Shen(1993 and 1995) studied the propagation mechanism of
cracks and the rock bridge coalescence process of gypsum
specimens with prefabricated cracks under uniaxial
compression. Li et al. (2009) studied the surface crack
propagation model of rock-like materials consisting of
cement mortar with special shape. Bobet and Einstein
(1998) carried out mechanical tests on gypsum materials
with special cracks under different loading modes, crack
forms and crack size. Wong (2009a,b) studied the macro
and micro mechanisms and laws of crack initiation,
propagation and coalescence of gypsum and marble
specimens containing prefabricated cracks under uniaxial
compression by means of high-speed photography and
scanning electron microscopy. Sun and Zhang (2018)
studied the AE characteristics of rock materials with
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prefabricated three-dimensional cracks and crack groups
during their propagation under uniaxial compression and
multidirectional loading. According to the three-
dimensional AE location technology and FRACOD
simulation software, the strength, crack propagation law
and fracture mechanism of specimens were obtained. For
the specimens with prefabricated holes, Zhu and Zhou
(Zhou et al. 2017, Zhu et al. 2015) carried out uniaxial
compression tests on small size sandstone specimens with
special double voids to study their mechanical properties
and evolution mechanism. The numerical simulation and
AE technology, of the failure characteristics of specimens
with special arrangement of vertical holes were studied for
large-sized specimens through laboratory test (Zhao et al.
2014). Cai et al.(2004) analyzed the generalized crack
initiation and crack damage stress thresholds of brittle rock
masses near underground excavations. The crack initiation
threshold is defined by 61—63=Accm and the crack damage
threshold is defined by ol1-63=Bocm for jointed rock
masses where A and B are material constants and ocm is the
uniaxial compressive strength of the rock masses. In order
to deepen the understanding of the strength and crack
evolution mechanism of existing holes with irregular
arrangement, Huang ef al. studied the strength failure
behavior and crack evolution mechanism of granite
containing pre-existing non-coplanar holes (Huang et al.
2017). Li et al. (2020) used digital image correlation (DIC)
method to record and analyze the failure behavior of rock,
and investigated the fracturing mechanism of rock with
combined flaws composed of crack and hole. In order to
explore the failure mechanism of rock with holes and
fissures, Yang et al. (2020 and 2021) carried out a large
number of experiments, analyzed the failure behavior and
mechanical properties of the samples with composite
defects, and studied the evolution results of stress field and
crack propagation.

Existing experimental studies on rock mechanics of
prefabricated voids and cracks are mainly focused on small-
sized specimens with specific void fissures or large width-
height ratios and the damage and fracture process of
specimens under different combinations of apertures and
inclinations (Zhou et al. 2017, Han et al. 2017, Yang et al.
2014). The law of crack initiation, propagation and
evaluation of engineering rock massshould be further
studied (Wang et al. 2020, Jia et al. 2020, Zhang et al.
2019, Zhang et al. 2020). In order to get closer to the site,
coal-like samples are made by reasonable material ratio.
Reasonable height of coal-like samples is selected to
simulate mining height and reasonable borehole diameter is
selected to reduce pressure relief hole in coal seam. The
influence of different hole spacing on the stability of coal
seam is studied by using mining stress test system and AE
monitoring  equipment. The strength, deformation
characteristics, initiation and fracture evolution mechanism
of samples are studied in depth and systematically. The
dimensionless damage risk coefficient is constructed to
quantitatively characterize the stability of the surrounding
rock of the stope. It is further extended to provide
theoretical and technical support for the selection of
borehole parameters for pressure relief in practical

engineering and the prediction of stope stability.

2. Introduction of test system and test design
2.1 Introduction to specimens processing

The fractures characteristics and fracture evolution
results of rock mass under real load are more discrete due to
the complex pore structure of the rock mass and the
limitations of current theoretical and experimental
methods.In order to meet the requirements of quantitative
analysis, by using samples which were designed according
to, the  Ordinary  Concrete  Mixture  Design
Procedures(JGJ55-2011) and the currently available
technical literatures (Wang and Wen et al. 2018).To carry
out the experiment, the mould was first installed and the
material mixture was poured into steel mould. Then, the
mould was vibrated until the specimens reach enough
homogeneity and compactness. The specimens were
retrieved from the moulds after 1 day and then cured at
room temperature for 30 days. The dimensions of large-size
rectangular specimens are 100*100%200 mm for the
experiment.To keep the specimen pore structure parameters
as consistent as possible, the specimens were made with
same mixture ratio, same vibration time interval and the
same process parameters.The specimen’s faces were
carefully polished to maintain the non-parallelism and the
non-perpendicularity level to less than 0.02 mm. The
specimen’s surface is gray and smooth, with no distinct
interspace.

The mining height of a coal mine with bursting liability
is 8 m, and according to different stress concentration
degree, borehole pressure relief was carried out by using
300 mm large aperture row spacing of 1 m, 1.5 m and 2 m,
respectively, so as to reduce the regional stress
concentration degree and reduce the risk of deformation and
failure of surrounding rock of roadway.Simplified
specimens were prepared with 200 mm height and 7.5 mm
diameter circular holes in equal proportion to 8 m mining
height and 300 mm diameter pressure relief hole. The hole
spacings (L) were 25 mm, 37.5 mm and 50 mm in
specimens with double-hole in single-row. Three specimens
were selected from each type. The surface of two vertical
circular holes penetrated through the specimens and it was
arranged symmetrically along the specimens, as shown in
Fig.1. Numbers of 0-1# and 25-1# were used to indicate the
Nth test of complete samples with different hole spacing,
respectively.

2.2 Loading equipment and method

The mining-induced stress testing machine (Wang and
Wen et al. 2018) consists of three main parts including the
vertical loading system, the lateral loading system and the
loading mainframe as shown in Fig.2.The testing system
has External Digital Controller(EDC) monitor and
Proportion Integral Derivative (PID) control technology
(Zhang, and Bar-Ziv 1996).The size of the vertical loading
head and vertical load are 150 mm * 100 mm and 900 kN
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respectively. Ranges of rate of change of, load and
displacement are 0.05 kN/s-100 kN/s and 0.05 mm/min-100
mm/min respectively.

Firstly, the vertical load of 0.05 kN was applied as the
preset value to ensure the close contact between the testing
machine and the specimen. It was also avoided the dynamic
impact on the experiment. Then the displacement control
method was used to load and select the loading rate of 0.5
mm/min.The jelly couplant Vaseline was used to ensure
close contact between the probe and specimen. The
specimen was coated with the same type of Vaseline which
was used for the sensors, to ensure the accuracy of the
experiment and reduce end friction between the loading unit
and the specimen during the testing (Wang and Wen ef al.
2018, Monnier et al. 2012, Olsson and, Holcomb 2000).

The system can be displayed and record real-time
information of mechanical responses of the specimen such
as “force-time”, “displacement-time” and “‘stress-strain”
graphs to increase the human machine interaction during the
experiment. So, it is possible to perform quantitative
analysis of the deformation and failure laws of the
specimens by using above graphs.

2.3 Data collection system

The phenomenon of strain energy released from rock
mass in the form of elastic waves is known as AE. The AE
monitoring system of the testing system in Fig.3, is used by
the Sensor Highway II (SH-II) monitoring equipment which
is developed by Physical Acoustic Corporation (PAC). The
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system can be used for stable and accurate real-time
monitoring in three-dimensional localization. Three AE
sensors of type 3a were arranged on the both surfaces of the
specimens in X configuration.AE sensors were fixed to the
specimens with tape. The data acquisition system gathers
the signals of internal damage of the specimen from AE
detectors, which can be used to analyze the rock mass
mechanical properties from the macro-meso point of view
and it can also provide basic data for subsequent analysis.

Lead breakage test was carried out before starting the
test to ensure the amplitude of each sensor signal was above
95 dB. Six channels were used in this test. The AE system
and sensor distribution were shown in Fig.3. Threshold
values for AE were determined before starting the test. The
noise level of the testing machine run at the settled loading
rate was not exceed 40 dB, thus, the threshold value of AE
system was set to 40 dB. The floating threshold,
preamplifier gain, sensor resonance frequency and sampling
frequency were set to 6 dB, 40 dB, 20~100 kHz and 10°
times/s respectively.

In order to reduce the impact of external environment on
highly sensitive components of the acoustic emission
instrument in the process of the experiment, besides setting
the threshold value of acoustic emission signal, we also
have taken the relative measures such as minimum number
of people in test area, noise-free environment and other into
account to conduct the test as accurately as possible. Sony
portable digital camera was used to collect real-time images
of the whole process of deformation and fracture of
specimens under loading.Based on AE signal, stress-strain
curve and macro-deformation of the specimen, the
mechanical and acoustic emission characteristics of the
specimens under uniaxial compression were studied. The
strength, deformation characteristics, initiation and fracture
evolution mechanism of the specimens with different
spacing were analyzed from the point of view of coupling
macro-deformation and micro-damage and fracture which
can provide basic data for stability analysis of engineering
rock mass.

3. Uniaxial compression experiment analysis of
double-hole coal-like specimens

3.1 Analysis of mechanical characteristics of
specimens

3.1.1 Mechanical
Specimens

The stress-strain curves of the complete specimens are
shown in Fig.4. The peak front segment of stress-strain
curves of the complete specimens basically coincide with
each other. The peak stress intensities of specimens are
19.46 MPa, 19.75 MPa and 20.06 MPa respectively. The
average peak strength is 19.76 MPa and the standard
deviation coefficient is 0.012. The elastic modulus of
specimens are 4.72 GPa, 4.60 GPa and 4.77 GPa. The
average elastic modulus is 4.697 GPa and the standard
deviation coefficient is 0.015. It shows that the
homogeneity of specimen material can meet the
requirement to have a quantitative data analysis.
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Fig. 4 Stress-strain curves of complete specimens

The stress-strain curves show that the specimens exhibit
good linear elasticity characteristics under uniaxial loading.
The initial compaction stage changes in arc shape and then
enters the eclastic stage. When the stress-strain curves
approach the peak strength point, the stress drop with
different amplitudes. The amplitude drops of specimens 0-
2# and 0-3# are 0.12 MPa and 0.16 MPa respectively.
Subsequently, the specimen quickly losses its bearing
capacity. The stress fluctuation of 0-1# specimen near at the
peak strength is clearly different from the stress fluctuation
of 0-2# and 0-3# specimens at their failure points. It is
considered that the brittleness of 0-1# specimen is relatively
weak, and it shows certain transitions from brittleness zone
to plasticity zone (Cai et al 2004). Because the
performance of 0-1# specimen is obviously different from
the remaining two groups, the subsequent data analysis
ignores the experimental data. The crack initiation stress is
an important index reflecting the structural characteristics
of rock defects.

The axial stress of the first macroscopic crack was
considered as the crack initiation stress of the specimen in
previous studies. The crack initiation stress of the complete
specimen was determined as 18.49 MPa according to AE
information and video data.

3.1.2 Mechanical properties of specimens with
double holes

The most effective samples (25-2#, 37.5-1#, and 50-3#
specimens) were selected for the analysis mainly. The
stress-strain curves are shown in Fig.5. According to the
graphs, peak strength, elastic modulus and crack initiation
stress are significantly decreased in double-hole specimens
when it is compared with the complete specimens, and
initially, above values were increased with the hole spacing
increasing and then, those values were decreased. The peak
stress and elastic modulus are corresponding to the hole
spacing of 37.5 mm. The peak stress and elastic modulus of
25-2#, 37.5-1# and 50-3# specimens are 14.96 MPa, 15.70
MPa and 14.30 MPa respectively. And also, the elastic
modulus of 25-2#, 37.5-1# and 50-3# specimens are 4.0071
GPa, 4.1483 GPa and 3.7225 GPa respectively. The peak
strength was decreased by 24.3%, 20.5% and 27.6% when it
was compared to the average peak strength of complete
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Fig. 7 Schematic diagram of AE energy rate and energy accumulation of double-hole specimens under uniaxial compression.
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Table 1 Maximum energy rate and cumulative energy of specimens with different hole spacing

Specimen Maximum Energy Rate Cumulative Energy
0-2# 616688 2698160
25-24# 456227 1755099

37.5-1# 455963 594151
50-3# 790248 1063192
CS

(401}

I-OL

:

e

Fig. 8 The fracture evolution process of specimens without hole. In this section, we denote the holes with H-@ and H-@

respectively; the tensile cracks are indicated by TC; the shear cracks are denoted by SC; the secondary cracks are denoted
by Sec; the secondary tensile cracks are denoted by SeTc; The crack is represented by Ec; the range of collapse is indicated

by CS

specimens. And also, the elastic modulus was decreased by
14.7%, 11.7% and 20.7% when it was compared to the
average elastic modulus of complete specimens. The
analysis shows that the stress and influence range of two
adjacent holes are superimposed when the distance between
two holes are relatively close. So, the two holes can be
approximated to a large-scale soft structure. It is easier to
produce internal shear failure due to instability under
compressive stress, and the bearing capacity is low. The
load-bearing capacity, crack propagation resistance and
peak strength were correspondingly increased with the
increasing of the hole spacing of the specimens. But, above
values were gradually decreased when distance between the
two holes were further increased. When the hole spacing
was further increased, the distance between holes and
specimen boundary was reduced so, there was a limitation
of increasing hole spacing due to the size of the specimen.
When hole spacing further increased, the damage was
initiated at the boundary area. The bearing capacity is
reduced and the peak strength and elastic modulus are very
low then, the two boundaries are failed at the same moment.
With the increase of holes spacing, the crack initiation
stress of 25-2# 37.5-1# and 50-3# specimens are 13.40
MPa, 14.84 MPa and 13.73 MPa, respectively. As shown in
Fig.6, the variation characteristics of the cracking stress are
similar to those of the stress peak and the elastic modulus,
and crack initiation stress of specimens with two holes are
decreased by 19.8% - 27.5%.

3.2 Analysis of AE characteristics

AE Energy Rate and Cumulative Energy curves of
specimens with holes under uniaxial compression are
shown in Fig.7. Although there is no obvious macro-
fracture phenomenon at the initial stage of loading but, still
a certain amount of AE energy rate can be detected. Failure
of specimens are a cumulative process of damage. A certain
level of AE signals can be monitored before obvious macro-
cracks are occured and the AE signals are gradually
increased with the compression until the AE signals
suddenly change and after the energy is released, the AE
signals are stabilized. The change of AE signals can be
divided into three stages: slow increase in the initial stage,
stable in the middle stage and rapid increase in the final
stage. At the initial stage of loading (i.e. crack compaction
stage), the AE energy values are relatively low, especially
for double-hole specimens. With the increase of stress,
obvious macro-fracture phenomena are occurred in all the
specimens within a certain time range. And only very few
energy signals occur in the elastic stage. When the stress is
increased continuously, the AE signal is also increased
sharply near the damage value of the specimen, and the
cumulative curve of AE energy shows a jump mutation,
which shows that the specimen begins to produces obvious
crack propagation and local collapse, accompanied with
larger splitting sound.

The stress curve and AE energy curve of rock specimens
show obvious correspondence during loading process.
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Large crack propagation in the sample is accompanied with
a large AE energy mutation and the initial failure of
specimens is often caused by shear cracks. The AE signals
of shear cracks are more significant when it is compared to
tensile cracks. At the same time, the AE energy rate and
cumulative energy of the specimens with holes are initially
decreased and then those values are increased with increase
of the hole spacing when it is compared with the complete
specimens as shown in Table 1. It indicates that the pressure
relief of the borehole can be reduced the pressureto a certain
extent. The cumulative energy of the specimen and the
instantaneous energy release rate, have the lowest values
with respective to the hole spacing of 37.5 mm. The
pressure relief has a good effect to compare with other
scenarios.

3.3 Fracture evolution mechanism of double-hole
specimens

3.3.1 Analysis of Fracture Patterns of Complete
Specimens

The macro-fracture process of specimens corresponding
to the stress-strain curve and the evolution characteristics of
AE. There is no obvious macro-fracture phenomenon in the
initial stage of compaction under uniaxial loading in 0-2#
sample and the stress-strain curve has an arc shape. At the
moment, the AE sensor monitors the AE signal with a small
energy rate and the initial AE energy rate is gradually
decreased with the increase of the axial load. The
corresponding cumulative energy is gradually increased and
the growth rate is gradually decreased. The cumulative
energy curve is in convex shape. Then, the specimen enters
to the elastic stage and the stress-strain curve is
approximately in a straight line. There is no obvious macro-
cracking phenomenon in the elastic stage. The complete
specimen produces few energy signals in the elastic stage
and the cumulative AE energy curve is approximate to the
horizontal. When the axial stressreached to 18.49 MPa, the
stress-strain curve shows a stress drop of 0.12 MPa and a
tensile crack is occured in the middle of the specimen as
shown in Fig.8. The crack is propagated with the increase of
stress. and a certain level of AE signals are also produced.
The AE energy rate is initially increased and then it is
decreased. The maximum AE rate is 143939. With the
increase of stress, the shear crack 2 occurs along the middle
of the tensile crack 1 at an angle of 15 degrees from the
horizontal direction. AE signal was increased sharply with
the maximum AE rate of 616688 and the cumulative AE
energy curve showed a sudden change which was
significantly higher than the AE signal intensity when other
cracks were occurred in the existing process. When the
shear crack is propagated to 13 mm in length, the stress
reaches its peak value of 19.76 MPa. The damage area of
the specimen is close to the boundary and the specimen
produces obvious longitudinal tensile crack 3 with a failure
accompanied by larger splitting sound. At this moment, the
AE signal is increased significantly and the maximum AE
rate is recorded as 445228. The cumulative curve of AE
energy is also increased significantly. The bearing capacity
of specimens are decreased drastically and the specimens
are damaged.

3.3.2 Analysis of fracture patterns of complete
specimens

The fracture evolution process of specimens with hole
spacing of 25 mm is shown in Fig.9. At the initial stage of
loading, obvious macro-cracking phenomenon was not
observed and the AE energy ratio was slightly decreased as
it is compared with the complete specimens. Then the AE
signal was stabilized and the cumulative curve of AE
energy is slightly increased and then remained almost
unchanged. When the pressure is close to the initiation
stress, the AE energy ratio is started to increase and the
cumulative curve of AE energy is also increased. When the
axial stress reaches to point al of 13.4 MPa, the sample
makes splitting sound under the loading of the testing
machine. The sample is damaged with shear crack 1 in
between the two holes as shown in Fig.9. The AE energy
rate is measured as 159844 and the cumulative curve of AE
energy is increased linearly. The stress concentration is
increased because of the close distance between the two
holes. Under the action of compressive stress, the structure
is prone to internal penetration instability and it has low
bearing capacity. A vertical tensile crack 2 along the
principal stress direction is generated in between the two
holes at the same time. The crack is continuously developed
along the principal stress direction as the stress continues to
increase. The monitored maximum AE energy rate in
thisprocess is 399887. With the discontinuity of crack
growth, the energy accumulation curve rises sharply. As the
stress is continuously increased, a small shear crack 3 is
developed along the vertical direction of the maximum

principal stress at the hole (D. It is propagated in a small

range of 1 mm. The maximum AE rate is 162936 and the
growth of cumulative energy curve is sharp. Vertical
secondary tensile crack 4 was generated at 14.13 MPa at
point bl, accompanied by caving and tensile crack 5 and
secondary tensile crack 6, which induced the growth of
shear crack 7 at the location of hole 2 and monitored in the
AE energy rate of 428141. At this time, the internal
structure of the whole specimen is in seriously damaged
condition and the specimen is also in a very dangerous
critical state. If a very small amount of external load is
applied to the specimen then, the state of crack development
will be changed from stable to unstable state of crack
propagation. When the stress is continuously increased to
14.96MPa, the secondary longitudinal tensile crack 8 is
propagated along the shear crack 7 at 1| mm away from the
hole 2, accompanied with the secondary crack 9, secondary
crack 10 and edge crack 11. The strength of the sample is
droped sharply, accompanied by its outer surface
exfoliation. At this time, the AE signal is increased sharply.
The maximum AE energy rate is 456227. The cumulative
curve of AE energy shows a sudden fluctuation. The core
failure pattern of 25 mm spacing specimen is presented and
the failure process is gradually extended from the weak
structure inside to the outside. The fracture degree of
specimen is high and the crack propagation is complex.

The bearing capacity of 37.5 mm spacing specimen is
increased with the increase of spacing. The stress-strain
curve of 37.5 mm spacing specimen before peak stress is
higher than the 25 mm and 50 mm, spacing specimens. The
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Fig. 11 The fracture evolution process of specimens with 50 mm hole spacing

stress-strain curves and AE characteristics which are
obtained from the tests, are relatively simple. At the initial
stage of loading, no obvious macro-fracture was observed
and the AE energy ratio was again decreased, compared to
the 25 mm specimens. As the stress value is gradually

increased up to a2 13.80 MPa, the stress of stress-strain
curve is dropped by 0.02 MPa, and local collapse occurred
close to the two holes. As shown in Fig.10, tensile cracks 4
is propagated along the holes at the same time. When the
stress is increased to 14.84 MPa at point b2, the crack is
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propagated and the stress-strain curve is again dropped by
0.02MPa. Obvious AE energy signal is not detected during
the experiment. When the stress is increased to the peak
strength of 15.70MPa at point c2, a larger splitting sound is
produced by the specimens and multiple unconnected shear
cracks 1 is visible close to the two holes, and they are not
connected. With tensile crack 5 and secondary tensile crack
6 and 7, the strength of specimens is dropped sharply but,
the AEenergy signal is increased sharply. The maximum AE
rate is 455963 and the energy cumulative curve is increased
linearly, and the specimens are failed, the experiment is
stopped. At this time, the failure of the specimens is
independent and the degree of fracture of the specimens is
decreased and the number of crack propagation is also
decreased.

When the distance between the two holes is further
increased the connection between the two holes are
gradually weakened. Then, the distance between the two
holes and the boundary is also gradually decreased. The
damage is initiated at the boundary area where the specimen
can be damaged easily. the peak strength is again decreased.
There was no obvious macro-cracking phenomenon at the
initial stage of the loading process and the energy rate of
AE is increased when it is compared with 37.5 mm
specimen at the initial stage. As the stress is gradually
increased there is a stress drop of 0.02 MPa in 12.82 MPa at
point A3, and the edge cracks are propagated above the
prefabricated holes @ as shown in Fig.11. As the stress is
continued to increase up to 13.78 MPa at point b3, the
stress-strain curve is again produced 0.07 MPa stress drop.
A wing-shap tensile crack 1 accompany with secondary
tensile crack 2, is generated at the hole 1. The shear crack 3
which is not penetrated, is in between the two holes. The
tensile crack 4 is rapid and it is initiated from top of the
surface to the direction of principal stress at the middle of
specimenand the propagation in the direction of principal
stress. During this period, the AE signal of the specimen is
similar to that of the 37.5 mm hole spacing, and keeps
stable until the peak strength of C3 is 14.30 MPa. Tensile
crack 5 and wing (tensile) cracks 6 are generated at the hole
2. The strength of the specimen drops sharply, the AE
energy signal increases sharply, and the maximum AE rate
is 790248. The cumulative energy value rises in a straight
line and the experiment stops. The specimen of 50 mm hole
spacing has cracks in the direction of outside surface of
specimen toward the middle direction. The specimen has
minimum strength level, low degree of fracture level and
simple crack propagation with few main cracks.

When hole spacing is increased, the failure patterns of
specimen is changed from core failure (from internal to
boundary failure) to independent failure and then to
boundary failure (from external to internal expansion). The
actual pressure relief boreholes in coal mines are considered
more similar to the 25 mm and 37.5 mm boreholes spacing
with few boundary damage.

4. Damage characteristics of rock mass with holes
based on crack initiation stress

Based on the study of the fracture evolution mechanism
of the above mentioned specimens, it is found that there is a
certain relationship between the initiation stress of the

Table 2 The relationship between initiation stress and peak
strength

Peak Stress  Crack Initiation

No. /MPa Stress/MPa PS/CIS
0-1# 19.46 19.35 -
Complete =, ., 19.75 18.49 0.936203
Samples
0-3# 20.06 18.64 0.929212
25-1# 15.06 13.98 0.928287
25 mm Hole =5, 14.96 13.40 0.895722
Spacing
25-34 14.84 13.52 0.911051
37.5-1#  15.70 14.84 0.945223
375mmHole 3,55y 063 - -
Spacing
37.53%  15.86 14.75 0.930013
50-1# 14.19 12.95 0.912615
50 mm Hole g, 14.52 13.79 0.949725
Spacing
50-34 14.30 13.73 0.96014

Note: According to the stress-strain curve of 0-1# specimen,
the failure pattern is obviously different from other
specimens. The different properties of the specimens are not
universal due to the preparation process, so it should be
omitted in the analysis. Due to low strength of 37.5-2#
specimen there is obvious discreteness so, the data analysis
is discarded

specimens and the peak strength of rock mass. In order to
apply the research results and field engineering practice, the
relationship between cracking stress and peak strength
PS/CIS are obtained by analyzing the existing selected
specimens. The damage risk factor which is highly
influential in stability of field of engineering, is calculated.

4.1 Construction of damage risk coefficient

The relationship between initiation stress and peak
strength is expressed in dimensionless coordinates. The
relationship between initiation stress and peak strength is
shown in Table 2. The PS/CIS ratio of specimens is
maintained above 0.90 regardless of the hole spacing.
Independent from the hole spacing, the stability of
specimens can be analyzed and the peak stress of rock mass
can be inverted by monitoring the initiation stress of cracks
at in situ or indoor conditions.

Based on the above analysis, the dimensionless damage
risk factor DRF is defined before the peak point using the

Eq. (1).

Ocis

DRF = =t (1)

where: o; is the stress value at any time; og is the

initial stress value.

When DRF >1, the specimens are in stable state; when
DRF=1, damage process of the specimens are started; when
DRF reaches 0.9, the specimens are about to fail, so the
rock mass should be reinforced in time. The smaller the
DRF value is the more serious damage of the surrounding
rock mass, until the specimen is failed. DRF index can
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Fig. 12 Non-dimensional damage risk coefficient before
peak strength
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Fig. 13 Stress distribution around boreholes. Where: Ry,
R, R, are the radius of borehole, the radius of rupture
zone radius and the radius of plastic zone radius,
respectively. oy is the stress in the horizontal direction; o,
is the stress in the vertical direction.

reflect the bearing capacity of rock mass in real time and it
can quantitatively analyze the stability of in situ at
surrounding rock mass.

The stress-strain curves of complete samples and
specimens with different hole spacing, are expressed in
dimensionless coordinates as shown in Fig.12. The DRF
value of rock mass is decreased with time and the stability
of rock mass is also decreased accordingly. Based on this,
the stability state of rock sample can be clearly
characterized and the on-site real-time monitoring which
has a guiding role for the stability monitoring of
engineering rock mass can be realized.

4.2 Corrected reasonable borehole spacing formula

Large boreholes are formed into rupture zone, plastic
zone and elastic zone from inside to outside, as shown in
Fig.13 (Lv et al. 2019, Han et al. 2007). Assuming that the
coal body is an ideal elastic-plastic body and adopting the
oblique straight-line Coulomb criterion as the failure
criterion. Then the radius R, of the plastic zone can be
obtained using the Eq. (2)(Liu 2014 ,Guo et al. 2019).

1sing

[ay (1+24)+ ZCCOt(/)](l— sin (p)}m {1+
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In the formula, m is the correction factor (Considering
that there are a lot of random cracks which are not an ideal

elastoplastic body, in the coal body. So, the radius of the
actual plastic zone is larger). o is the coefficient of hole
enlargement, 1.73-2.44; A is the coefficient of lateral
pressure, 1.1-1.4. Ry is the radius of borehole, o, is the
vertical stress, ¢ is the cohesion of coal, ¢ is the friction
angle of coal and 0 is the circumferential angle.

The formula of plastic zone is directly calculated by
vertical stress. In practical engineering, the mechanical
properties of rocks have large differences even under the
same stress level at different locations. The formula is
further modified using the Eq. (3) by the dimensionless
damage risk factor DRF value.

Lsing
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The mining depth of 3310 working face of a coal mine
in Shandong Province is 1080 m-1125 m. The impact
tendency of three coal samples are tested from the West
Wing working face of the coal mine which has strong
impact coal seam. Large borehole pressure relief technology
is used to relieve pressure and reduce danger. The diameter
of borehole, the distance between boreholes and the depth
of borehole are 110 mm, 3 m and 15-20 m respectivily.

The crack initiation stress ocys is 8.1MPa, the drilling
radius Rois 0.11 m, the lateral pressure coefficient 4 is 1.25,
the expansion coefficient w is 2, the correction coefficient
of coal plastic zone m is 2.5, coal cohesion ¢ is 1.1 MPa,
friction angle in coal body ¢ is 30° and circumferential
angle 6 is 45°.

By substituting the parameters into the modified plastic

zone formula, the influence radius R, is selected as 0.9 m in

a single pressure relief borehole. So, the acceptable distance
is 2 m in between the pressure relief boreholes. The effect
of pressure relief is further tested in sequence with on-site
microseismic monitoring. The microseismic results show
that the seismic activity is decreased. When the
microseismic activity energy level is below 10*]J, the risk of
rock burst is low.

5. Discussion

Based on the above results, it is found that the load-
carrying capacity of specimens is related to the dominant
crack form. The load-carrying capacity of specimens with
main tensile form fracture (such as complete specimens,
37.5 mm hole spacing) is higher than the specimens with
significant shear form fracture (such as 25 mm, 50 mm).
When the specimen reaches the initial cracking stress value,
the specimen goes to unsafe state. The specimen is
destabilized and destroyed by applying very small amount
of stress. Based on this, the dimensionless damage risk
factor which can reflect the real time bearing condition is
proposed for rock mass. Thus, this can be used for the
quantitative analysis of rock mass stability in engineering.

It is also found that with the increase of the distance
between the two holes, the failure patterns of the specimen
changed from the core failure to the boundary failure, that
is, from the internal damage transfer to the boundary to the



Fracture and evolution characteristics of specimens containing double holes 603

external crack expansion to the internal. The actual pressure
relief boreholes in coal mines are more similar to borehole
spacing of 25 mm and 37.5 mm there are few boundary
cracks (borehole spacing 50 mm). The elastic modulus,
peak strength and initial cracking stress of specimens are,
initially increased and then decreased. The working
mechanism of pressure relief drilling, the stress-strain
results and AE characteristics of the test are analyzed
together. The optimum pressure relief effect is based on the
lowest energy stored in the specimen and the lowest energy
release rate, while ensuring the specimen still has a certain
strength. The results show that an optimal hole spacing is
existed when distance between two holes is increased.

When the research results are compared with the
previous studies on small-size specimens, it shows that the
size of specimens has a strong relationship on the failure
characteristics of specimens. Whatever compression mode
is adopted for small-size specimens, when the specimens is
ultimately ruptured, the rock bridge will generally run
through and the cracks are generally inclined distribution,
accompanied by obvious shear cracks. Tensile cracks are
also penetrated the whole process of crack evolution for
large size specimens. The shear cracks can be characterized
the load-bearing capacity of the specimen to a certain
extent. When the development of shear crack is increased,
the load-bearing capacity goes down. In the process of
specimen size becoming smaller to larger, the failure
process of specimen changes from shear failure of small
size to splitting failure of large size gradually.

The existing theoretical formulas for calculating
reasonable borehole spacing are directly calculated by
vertical stress. The mechanical properties of rocks at
different locations have significant differences under the
same stress level in practical engineering . In this paper, the
formula is further modified by the dimensionless damage
risk factor DRF wvalue. The dimensionless damage risk
coefficient is constructed and the formula for the theoretical
calculation of reasonable borehole spacing for pressure
relief is further revised, based on the current research. The
dimensionless damage risk coefficient can be quantitatively
characterized the stability of surrounding rock in stope, and
the calculation results of the modified theoretical
calculation formula of reasonable pressure relief borehole
spacing meet the requirements of field construction.

There are many coupling factors in underground rock
mass engineering. So, the process of rock mass crack,
propagation and development should be further researched.
In this paper, existing research simplifies the working face
and the different spacing of single row holes are only
studied systematically. However, the actual pressure relief
method adopted in the working face should also be taken
into account in different situations such as the spatial
distribution of different drilling holes. The influence of the
weakening space formed by different pore combinations on
the stability of samples will be systematically studied in the
following articles.To a certain extent,theoretical guidance
can be provided by the research results for pressure relief
drilling and rock burst prevention in working face.

With the aid of Mining-Induced Stress Test System and
Acoustic Emission(AE) monitoring system, the uniaxial

compression test of prefabricated large-size double-hole
specimens were constructed. This study had limitations, and
further studies are needed. Only uniaxial compression tests
were performed, and only the effect of the space of hole on
mechanical behavior was investigated in this study. In
future studies, the influences of the geometry of the holes
(for example, the number and the layout of holes) and other
stress conditions on the mechanical properties and cracking
behavior should be assessed.

It has been shown that the spatial distribution of AE
events can reflect the law of crack initiation and
propagation. Before the failure of rock specimens, the
spatial distribution of AE events implies the trend of
macroscopic crack propagation and predicts the final
location of macroscopic cracks. In the loading process of
this test rock specimens, the same positioning method and
the same sensor layout are adopted, but no representative
AE positioning results are obtained. Some studies think that
the main reason for not getting the positioning results is that
the rock specimens with good homogeneity have fast
propagation speed, so no effective AE events were detected.
Some scholars believe that at the moment of destruction, the
acoustic emission signal waveform is continuous, so it can
not form a positioning event. Although there is no effective
AE location event, it does not affect the research of fracture
patterns, AE characteristics and mechanical properties of
specialties with double holes. In the future, the test method
will be optimized to obtain the AE location event when the
specimen is damaged, and the relationship between AE
event spatial location and crack initiation is analyzed in
detail.

6. Conclusions

Compared with the complete specimens’, the peak
strength, elastic modulus and crack initiation stress with the
double-hole specimens, all parameters are decreased
significantly, and basically with the increase of the hole
spacing showed a trend of increased first and then
decreased.

The stress curve and AE energy curve are shown
obvious corresponding relationship during the loading
process. The shear crack always accompanies with AE
energy rate. It is also found that with the increase of the
distance between the two holes, the failure patterns of the
specimen changes from core failure (from internal to
boundary failure) to independent failure and finally to
boundary failure (from external to internal expansion).

When the specimen reaches the initial cracking stress
value, the specimen goes to dangerous state and the
specimen will be destabilized state. It is failed by applying a
very small amount of stress after above states. Based on
this, the dimensionless damage risk factor of rock mass
which can reflect the bearing condition of rock mass in real
time and realize the quantitative analysis of rock mass
stability in engineering, is proposed. The smaller the DRF
value is, the more serious the surrounding rock damage will
be until the specimen is failed.

The best pressure relief effect should be based on the
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lowest energy stored in the specimen and the lowest energy
release rate, while guaranteeing that the specimen is still
having a certain strength. The results show that the optimal
hole spacing exists with the increase of the distance
between two holes.

The research results strengthen the understanding of the
mechanism of crack initiation and development in
engineering rock mass and provide theoretical support for
improving the reliability of engineering disaster prediction.
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