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To better understand the influence of the openings and their relationship with the host
rock, laboratory tests were conducted on a range of sandstone specimens with different
proportions of D/H (hole diameter/specimen height) ratio. Acoustic emission (AE) and
video monitoring were used to capture the rock specimen responses. The results showed
that if the D/H ratio was less than 0.3, the fracture mode occurred in the hole, indicating
that this was an appropriate ratio. In addition, the “short quiet period” of AE energy can
be used as a precursor for determining the burst in the opening.
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1. Introduction

The rock burst is one of the most challenging topics in underground excavation projects, partic-
ularly under high stress. It often occurs suddenly and is accompanied by violent rock ejection,
which seriously threatens safety and productivity (Zhao et al., 2021; Chen et al., 2022; Zhang
et al., 2022). To study the mechanism of rock burst, many extensive researches were conducted
in the literature previously, using methodologies including numerical simulation (Baranowski et
al., 2022), analytical analysis (Kucewicz et al., 2023) and laboratory tests (Farhadian, 2021).
Among them, laboratory testing on rock specimens in various conditions are a common method

to establish the first understanding of rock behaviour under different types of loading.
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In the rock burst related laboratory testing, uniaxial, biaxial and triaxial are common loading
types used to specimens (Huang et al., 2022; Liu et al., 2021). In particular, the relationship
between rock failure and acoustic emission characteristics are studied for identifying fracture and
energy release mechanisms (Dong et al., 2021; Chen et al., 2023). For example, there are studies
on the rock unit near the excavation opening to examine the relationship between the stress
gradient, loading rate and temperature and the deformation (Su et al., 2017, 2019). Faradonbeh
et al. (2020) established a comprehensive database of true-triaxial unloading tests on rocks with
a wide range of properties. He et al. (2012) adopted a self-developed triaxial loading system to
study the role of confinement to rock burst initiation in different types of rock.

Another group of tests is focused on the borehole behaviour in a rock block under different
types of loading, simulating the rock burst condition in the holes. In those tests, the excavations
and nearby rock were mainly simplified into small-sized specimens to study failure laws of the
opening during the loading process. The effect of the opening shape have also been studied
in the literature. For example, in non-circular cavity research, Wu et al. (2019) studied failure
characteristics of U-shaped cavities under a uniaxial loading. Luo et al. (2019) studied failure
characteristics of the D-shaped cavity under the true triaxial loading. In research on circular
openings, Hu et al. (2019) and Liang et al. (2019) studied the biaxial loading of circular caverns,
mainly discussing the laws of the acoustic emission and rock burst. Zhang et al. (2016) explored
the impact of lateral stress on rock bursts in circular caverns under a biaxial loading. Si et
al. (2018) and Gong et al. (2017) studied the rock burst process and failure characteristics of
circular caverns under the true triaxial loading.

Apart from the shape of excavations, in small-scale laboratory experimental research, the size
effect is a critical factor. For example, Martin (1997) found that as the borehole size increases,
the tangential stress at failure approaches the unconfined compressive strength of the material
but a significant strength-scale effect is observed for boreholes less than 75 mm in diameter. The
ratio of the hole diameter to the specimens size (i.e. size ratio) is closely related to the test
results, and it is not fully studied in the previous studies. Therefore, uniaxial loading tests were
performed on sandstone specimens with different scales of D/H, while AE and video monitoring
were used to capture the response of the rock specimens. The findings of this study are expected
to provide a reference for determining the extent of failure of underground openings.

2. Specimen preparation and test setup

2.1. Specimen preparation

Green sandstone samples with uniform texture were selected from a mine site in Shandong
Province in China for tests. The material was processed into five specimens with circular holes
(30 mm in diameter) according to ISRM’s requirements, as shown in Fig. 1 and Table 1. Measur-
ing mechanical parameters, the uniaxial compressive strength was equal to 82 MPa, the elastic
modulus has reached 12.8 GPa. The scanning electron microscope (SEM) results show that sand-
stone has a dense cementation structure with fewer intergranular pores and fissures, indicating
that the sandstone has good homogeneity, as shown in Fig. 1c. The five specimens are classified
A-E according to the D/H ratio (i.e. hole diameter/height), as shown in Table 1.

2.2. Test system setup

The experimental system, shown in Fig. 2a, consists of the following three parts: loading
equipment (RLJW-2000 servo rock-testing machine), an acoustic emission instrument (AMSY-
6 acoustic emission detection system produced by Vallen, Germany), and a visual observation
system (EOS C100 camera). During the test, two acoustic emission sensors were arranged on
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Fig. 1. (a) Geometrical features of the specimen, (b) manufactured specimens and
(¢) microscopic feature

Table 1. Dimensions of specimens

| Type | Height H [mm] | Depth [mm] | Diameter D [mm] | D/H |

A 50 30 30 0.6
B 0] 30 30 0.4
C 100 30 30 0.3
D 125 30 30 0.24
E 150 30 30 0.2
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Fig. 2. Experimental system: (a) test system layout, (b) schematic diagram

two non-loading surfaces on the left and right sides of the sample. The sensor layout and loading
methods are shown in Fig. 2b. Images of the excavation hole destruction process were obtained
by the visual observation system, and the entire test process was recorded.

A displacement control method was used in the uniaxial test. Axial pressure was applied at a
loading rate of 0.25 mm/min up to specimen fracture while recording data and images by means
of acoustic emission. The acoustic emission threshold equaled 40 dB and the sampling frequency
was 10 MHz.
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3. Results and analysis

3.1. Variation of mechanical parameters

The stress-strain curves of the specimens under five different D /H ratios are shown in Fig. 3a.
The peak stress for each specimen size increased as the D/H ratio decreased from 0.6 to 0.24.
The opposite was observed when D/H was equal to 0.2. When the D/H ratio decreased to a
certain value, the peak stress no longer significantly changed. When the D/H ratio was 0.6, the
peak stress was 19.3 MPa. When the D/H ratio was reduced to 0.3, the peak stress increased to
67.2 MPa. When the D/H ratio was 0.24 or 0.2, the peak stress was 81.2 MPa or 79.1 MPa, as
shown in Fig. 3b. The aforementioned data demonstrates that when the D/H ratio reaches 0.24,
compared to the uniaxial compressive strength of the complete green sandstone, the difference
is within 4% and the peak stress is stable; however, owing to the existence of holes, the overall
strength was reduced.
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Fig. 3. Stress-strain curve and the UCS of different D/H ratios: (a) stress-strain curve,
(b) uniaxial compressive stress

In addition, there were apparent differences in the stress-strain curves for the five D/H ratios.
As the D/H ratio decreases, the number of times the stress decreases is gradually reduced, and
the stress growth rate gradually increases. For the stress curve before the peak, the D/H value
is equal to 0.3 as the threshold value. When the D/H ratio is 0.6 and 0.4, the stress decreases
on three occasions in the stress curve, and on five occasions when the D/H value is 0.3. This
indicates that when the D/H value is greater than or equal to 0.3, the stress decreases several
times and the distribution becomes more uniform. However, when the D /H value is less than 0.3,
the number of times the stress decreases is lower and only distributed near the peak. The curves
of the D/H ratios of 0.2 and 0.24 both demonstrated a decrease several times near the peak,
which is clearly different from the other D/H ratios.

When failure first occurs near a hole, V-shaped breakouts are formed on both sides owing
to the stress concentration; however, the specimen remains to have a load-bearing capacity
as a whole, and there is no decrease in stress observed in the axial direction. This behaviour is
consistent with the findings from previous literature (Si et al., 2018; Gong et al., 2017). Therefore,
the main reason for the numerous aforementioned times the stress decreases is the overall rupture
of the specimen. When the D/H value is greater than or equal to 0.3, a destruction of the
specimen occurs during the stress-loading stage before the peak, and its level is relatively large.
When the D/H ratio is 0.24 or 0.2, the loading process was stable in the early stage and there
was no main fracture.
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3.2. Fracture process of the borehole

Table 2 and Fig. 3 present the relationship between the stress and loading time as well as the
corresponding images of the failure process of the five ratio size samples. As shown in Table 2,
the number of times the stress decreases is reduced with a decrease in the D/H ratio, and the
time of hole failure gradually approaches the time of the stress decrease with a decrease in the
D/H ratio. Meanwhile, the degree of hole failure became evident as the D/H ratio decreased.

Table 2. Statistics of hole failure characteristics

D/H Pre—peak. stress | First decrease in | First fracture time Hole fracture form
drop times stress value of hole
0.6 3 161.9 None Not obvious
0.4 3 218.1 None Not obvious
0.3 5 198.9 400.5 Slight V-pit
0.24 1 288.8 288.4 Obvious V-pit
0.2 1 254.6 254 Obvious V-pit

As shown in Table 2, when the D/H ratio is greater than or equal to 0.3, stress drop occurs
several times in the pre-peak stress curve, but no significant fractures occur in the hole. However,
when the D/H ratio is less than or equal to 0.24, the time to fracture and stress decrease are
nearly the same.

The following Section provides an analysis based on the data presented in Fig. 4. As shown
in Fig. 4a, 4b and 4c, when D/H = 0.6, the stress decreases three times in the stress-time curve
before the peak. There is no evident change in the hole in the corresponding image record. As
shown in Fig. 4a, the extent of cracks above the hole gradually increases. It can be inferred here
that the decrease in stress is not related to damage of the hole, but to overall damage of the
specimen. When the same D/H value is 0.4, the stress-time curve presents three apparent times
of the stress decrease, and then the stress decreases to a lower value; however, the hole does
not change during the corresponding time. When the D/H ratio is 0.3, the hole begins to fail.
The first decrease in stress and the hole failure occur at 198.9s and 400.5 s, respectively. The
stress decreases five times in the stress curve; however, the hole completely fails only at the fifth
decrease in stress. The aforementioned data demonstrates that when the D/H ratio is less than
or equal to 0.3, the specimen appears to be integrally damaged, causing a decrease in the stress;
the holes are not apparently damaged at this size ratio.

As shown in Fig. 4d and 4e, when the D/H ratio is 0.24 or 0.2, the entire pre-peak stress-time
curve is relatively complete, there are no small decreases in the stress, and the fracture form
of the hole is more apparent. Combined with the data in Table 2, it was found that when the
decrease in stress occurred close to the time of hole failure, the hole damage gradually became
more severe as the stress increased until the rock burst.

3.3. Acoustic emission characteristics

3.8.1.  Analysis of AE event counts

Figure 5 presents the stress-time and acoustic emission ringing count curves with five ratios.
The ringing count is the number of oscillations in the signal that crosses the threshold. It is a
parameter that reflects the intensity and frequency of the acoustic emission activity and can be
used to reflect the rupture law inside the sample.

As shown in Fig. 5, the acoustic emission pattern of different specimens is similar to that
of the stress-strain curve, indicating that the time of stress reduction corresponds to the peak
time of ringing counts. There are also several peaks in the ringing counts in regions where there
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Fig. 4. Failure process of specimens with different D/H ratios: (a) D/H = 0.6, (b) D/H = 0.4,
(¢) D/H=0.3,(d) D/H =0.24, (e) D/H = 0.2

is no significant stress drop, indicating that the AE is more sensitive to specimen fracture than
stress. For example, when the D/H ratio is 0.6, the curve has three distinct stress drop times
before it peaks, with distinct ringing counts occurring at the corresponding times.

By combining the data in Figs. 4 and 5, it was found that the rule of hole failure was
also consistent with the rule of ringing technology. When the D/H ratio was greater than or
equal to 0.3, the ringing count increased several times during the pre-peak period. Based on the
decreases in the stress curve and the damage indicated by the image of the hole, it was found
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Fig. 5. Stress-time and acoustic emission ringing count curves: (a) D/H = 0.6, (b) D/H = 0.4,
(¢) D/H =03, (d) D/H =0.24, (¢) D/H = 0.2

that the peak of the ringing count was mainly owing to the overall damage of the sample, and
the hole damage in the entire process was not apparent.

When the D/H ratio was 0.24 and 0.2, the peak of the acoustic emission ringing count was
mainly concentrated at the time the first decrease occurred, sufficiently corresponding to the
hole failure time, which was manifested as a peak of the ringing count when the hole ruptured.
At the same time, these two ratios are different from the hole failure law, and there is a count
peak in the two ratios before loading. However, the stress curve and hole do not change.
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3.8.2.  Analysis of AE energy

The stress-time and acoustic emission energy curves under five sizes of ratios are shown
in Fig. 6. They were calculated as the area under the detection envelope of the event signal,
including the count rate and total count. The acoustic emission energy rate represents the
amount of energy released per unit time during the test, and the cumulative energy is the sum of
the released energies. According to the change law of acoustic emission energy, the destruction
process can be divided into the three following periods: quiet, development, and outbreak or
explosion.
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Fig. 6. Stress-time and acoustic emission energy curves: (a) D/H = 0.6, (b) D/H = 0.4, (¢) D/H = 0.3,
(d) D/H =0.24, () D/H = 0.2
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(1) Quiet period: When the D/H ratio was 0.6, 0.4, or 0.3, the quiet period accounted for
approximately 50% of the loading time, and no apparent changes were observed in the hole
ground conditions, the entire sample, and the acoustic emission energy rate. The cumulative
energy steadily increased, indicating that no energy was released during this period, which was
the energy accumulation period. When the D/H ratio was 0.24 or 0.2, the proportion of quiet
periods increased to approximately 80%, and the holes and specimens remained unchanged.

(2) Development period: When the D/H ratio was 0.6, 0.4, or 0.3, the specimen demon-
strated large cracks, stress drops occurred where the hole damage was not apparent, the acous-
tic emission energy rate demonstrated a large sudden increase, and the accumulated energy
demonstrated a step growth, which indicated the release of energy owing to the overall destruc-
tion of the sample. When the D/H ratio was 0.24 or 0.2, the holes were gradually destroyed,
the acoustic emission energy rate increased, and the accumulated energy gradually increased
in steps, indicating that the hole destruction process was accompanied by an energy release.
A low level appeared after the energy rate suddenly increased with the energy rate and the
step-like cumulative energy indicating that there was a “short quiet period” of acoustic emission
energy.

(3) Explosion period: The specimen had the greatest degree of damage in this period; the
stress reached its peak, the acoustic emission energy rate sharply increased, and the cumulative
energy increased approximately linearly and reached a maximum. When the D/H ratio was 0.6
or 0.4, macroscopic cracks appeared on the surface of the specimen, but the hole did not show
significant V-pit damage. When the D/H ratio was 0.3, 0.24, or 0.2, the specimen was severely
destroyed at the hole and, eventually, the whole specimen was destroyed.

The aforementioned analysis demonstrates that with a decrease in the D/H ratio, the time
of the sudden increase in the acoustic emission energy rate gradually shifts back, indicating
that the specimen transfers from overall damage to the hole damage. A similar test by Liu
and Li (2010) found that the acoustic emission energy was basically unchanged before the hole
was destroyed, and the acoustic emission energy rate suddenly increased when the hole began to
break. In this study, the same rule was found for samples with D/H ratios of 0.24 and 0.2. At the
same time, from the beginning of the hole destruction to the occurrence of rock bursting, there
was a short quiet period of acoustic emission energy; after several conversions of the “energy
peak-short quiet period”, rock bursting occurred in the sample. This indicates that the “short
quiet period” of acoustic emission energy in the development period can be used as a precursor
for bursts in the opening.

4. Discussion

4.1. Failure characteristics in different hole tests and the damage mechanism

Table 3 lists the data of the hole fracture form under different D/H ratios. As the D/H
ratio decreases from 0.5 to 0.21, the specimens show significant V-shaped pit damage, i.e., red
sandstone and granite (D/H = 5). V-shaped pits were formed on both sides of the opening wall
and it extended along the axial direction of the hole, which is consistent with field observations
(Zhang et al., 2012). In this paper, no significant V-shaped pit was exhibited when D/H was
greater than 0.3, which may be related to stress conditions. The hole test can be considered as a
planar strain problem, ignoring deformation in the axial direction of the hole. When the specimen
is under biaxial stress, the horizontal stress increases the overall stability of the specimen, leading
to destruction of the hole wall under the maximum tangential stress. Under a uniaxial loading,
a specimen with a large D/H ratio corresponds to a larger strain, which can easily lead to an
overall splitting damage of the specimen.
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Table 3. Comparison of the hole test with different D/H ratios

D/H 0.5 0.5 0.39
Rock type Red sandstone Granite Granite
Loading True triaxial True triaxial Biaxial
method (Gong et al., 2017) (Si et al., 2018) (Hu et al., 2019)
Size 100 x 100 x 100 mm 100 x 100 x 100 mm 200 x 20 x 200 mm

' Overall look
e

Hole
failure
form
Maximum y -‘.
- principal stress Throughout failure band
D/H 0.35 0.3 0.21
Rock type Marble Granite Granite
Loading Uniaxial Biaxial Biaxial
method (Liu and Li, 2010) (Liang et al., 2019) (Zhang et al., 2016)
Size 100 x 100 x 100 mm 150 x 150 x 150 mm 150 x 150 x 75 mm
Hole
failure
form
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Fig. 7. Tunnel stress calculation model

It is assumed that the rock mass is in a three-way stress state before tunnel excavation,
where X and Y are the horizontal, and Z the vertical stress directions. Assuming that the
tunnel axial direction is arranged along the Y-direction, the surrounding rock can be regarded
as a homogeneous, continuous and isotropic elastomer before damage, and no deformation occurs
along the axial direction of the tunnel. Therefore, the problem can be regarded as a planar strain
problem and the tunnel stress calculation model can be established as shown in Fig. 7.
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By elastic mechanics, the stress in the tunnel rock is
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where p is the vertical stress, A is the lateral pressure coefficient, o,., oy and 7,9 are the radial,
tangential and shear stresses of the surrounding rock in polar coordinates, respectively, R is the
radius of the tunnel excavation, r is the distance from the rock unit to the center of the tunnel
and 6 is the angle between the rock unit and the horizontal direction.

From Egs. (4.1), when r = R, only tangential stress exists at the tunnel wall, and the
maximum tangential stress is located at the midpoint of the two tunnel gangs (§ = 0°). The
maximum tangential stress is

Olmax = (3 = A)p (4.2)

When the maximum tangential stress in the tunnel wall exceeds the uniaxial strength of the rock
material, the tunnel wall breaks. In the tests in this paper, when D/H was greater than 0.3, the
hole wall suffered V-shaped pit damage, indicating that the maximum tangential stress on both
sides of the hole exceeded its material strength, leading to failure on both sides of the hole.

4.2. The guiding significance of borehole behaviour

The estimation of the extent of damage is an important aspect in the assessment of un-
derground tunnel and/or roadway stability and its support. Martin et al. (1999) calculated the
damage range of a circular cavern, and the ratio of the damage range to the radius of the cavern
was 1.0-1.5, indicating that the destruction area of the cavern was 1.5 times the excavation
radius. The stress in the radial direction of the cavern was distributed in a gradient; the position
distant from the cavern gradually reached the original rock stress level, and the surrounding
rock gradually reached an undamaged state. There was a transition between the undamaged
and damaged areas, called the affected area of damage. This area provides damage energy for
the damaged area.

A similar rule was observed in the test in this study, and a certain range was required when a
specimen with a fixed hole diameter (30 mm in diameter) failed. Combined with the analysis of
the test data in this study, when the D/H ratio was greater than or equal to 0.3, the loading stress
curve fluctuated. Visual observations of the hole fracture process confirmed that the integrity
of the sample was damaged, and the integrity of the sample damaged the acoustic emission
data. Irregular fluctuations occurred when the multiple AE activity peaks occurred during the
pre-peak period. When the D/H ratio was less than 0.3, the loading curve stabilized. The video
image recordings proved that the first rockburst occurred after the hole fracture, accompanied
by acoustic emission activity, indicating that significant hole fracture occurred in the specimen
when the D/H ratio was less than 0.3. For a specimen with a fixed hole diameter, the decrease in
the D/H ratio was due to an increase in the rock area around the cavern. When the surrounding
rock area was small, the hole damage area and the affected area were also small, energy for the
hole damage could not be supplied, and stress failure occurred in the entire specimen. When the
surrounding rock area was consistent, hole failure required sufficient energy, and the hole first
destroyed the specimen and subsequently failed. At the same time, under this test material, the
appropriate D/H ratio is 0.4 or 0.2.



58

C.C. Zhang et al.

5. Conclusions

This study conducted a series of laboratory tests to investigate the failure characteristics of
pre-driven openings in rock specimens to better understand the impact of the size factor on the
failure process. The main findings are summarized as follows:

e The D/H ratio has a controlling effect on the stress curve, and the overall strength of the
specimen decreases with increasing D/H ratios. When the D/H ratio is greater than or
equal to 0.3, the stress curve is unstable, and the stress decreases multiple times. When
the D/H ratio is less than 0.3, the stress curve is stable without several points of stress
reduction.

e The D/H ratio affects the failure pattern of the hole specimen. When the D/H ratio
is greater than or equal to 0.3, the hole fracture is not apparent, and the reduction in
stress causes the integral fracture of the specimen. When the D/H ratio is less than 0.3,
V-shaped pit occurs in the hole, and the hole degradation precedes the overall failure of
the specimen.

e The AE evolution characteristics of the hole specimen with different D/H ratios can be
categorized into three stages: quiet, development, and explosive. When the D/H ratio is
0.24 or 0.2, the “short quiet period” of AE energy can be used as a precursor for rock
bursts.

The results of this study can provide a reference for determining the extent of failure of under-
ground openings. Future studies should consider different loading environments and variations
in the specimen size.
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