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ABSTRACT: Strong—weak coupling outburst prevention technology can reduce the ﬂ“

hazard of coal and gas outburst in mines based on hydraulic punching and grouting ~

reinforcement. In this study, the mechanism of outburst hazards in the strong—weak &

coupling structure under mining disturbance was explored, and then cyclic loading and l- -
unloading experiments were performed on samples with different strong—weak height ec ‘ e elLE
ratios (HRs) using the noncontact full-field strain testing (DIC) system and the acoustic , i i « I"“' \
emission (AE) system. The results show that the failure strength of the sample gradually - G
increases with the increase in HR. The residual strain of the strong and weak structures
undergoes three stages, ie., the decelerated deformation, the constant-velocity
deformation, and the accelerated deformation. Deformation mainly occurs in the
weak structure and starts at the strong—weak interface. The AE signals present strong TaY
regional distribution characteristics and the Felicity effect, and the damage is T

concentrated near 70% of each stage in the cyclic loading process. As the HR rises,

the weak structure transitions from brittle damage to ductile damage and from shear damage to tensile damage. In addition, due to
the difference in Poisson effects of strong and weak structures, the strong structure transitions from a unidirectional stress state to a
triaxial tensile—compressive stress state. When the HR increases to 85:15, the strong structure undergoes tensile damage.

Samples

AE system MTS system DIC system

1. INTRODUCTION high adsorption capacity, and high in situ stress. Conventional
Coal accounts for about 95% of China’s total fossil energy gas extraction technologies fail to perform well under such

resources. In 2021, the annual coal production was 4.13 billion condltlop's. Therefore, it is necessary to take art1ﬁc1fi1
o . . - 13 permeability enhancement measures for coal seams. Hydraulic
tons, demonstrating its primary role in China’s energy mix.

A . . 18 .
However, over 30% of coal mines in China have a high gas punching is widely adopted in mine gas control, P s it

-y . . . flushes out the broken coal in the coal seam by jetting high-
content, which can easily trigger gas accidents. Coal and gas

outburst (hereafter termed outburst) means that massive gas pressure water, forming a large volume of cavity, releasing the
and broken coal gush into a limited working space within a in situ stress, and effectively enhancing coal permeability.

short time during mining. It is a complex dynamic disaster that However, the punching-induced reduction n the strength of
. . ! ) i—6 the coal body around the borehole may hinder bolt support
can easily cause considerable casualties and economic loss.

.. , . during roadway excavation. Grouting reinforcement can
Statistics reveal that over half of the world’s outburst accidents 8 4 8

improve the bearing capacity of the roadway surroundin
occurred in China, making China the country with the highest P S g capacity of Y 8

rock by injecting cement slurry into the coal seam, which
outburst hazard. At present, as shallow coal reserves are

. K . 19
increasingly depleted in China, coal mining is shifting toward .eﬁ_"ectwely improves the supporting effect of tbe bolt. * The

injected cement slurry can improve the mechanical strength of
the deep area at a speed of 20—30 m per year. Deep coal

mining is accompanied by ‘three highs and one disturbance’ the coal seam and meanwhile lower the permeability and

(high ground stress, high ground temperature, high osmotic :}?mp res(silbﬂlty. It can r(l;t only 111:1 pbrove the support effect on
- ) . e roadway surrounding roc ut also block methane

pressure, and stron§ mining disturbance), which aggravates

outburst hazards.”® The year 2021 witnessed 6 outburst

accidents with 24 deaths in China. The frequent occurrence of Received: November S, 2023

accidents demonstrates the limitations of the current theory Revised:  February 19, 2024

and technologies in preventing outbursts in coal mining.”"’ AccePted: Feb@ary 22, 2024

Gas pre-extraction technology can effectively prevent Published: April 2, 2024
outbursts."'™'* However, 70% of coal seams in China,
especially those in deep formations, are of low permeability,
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Figure 1. Mechanical control model for strong—weak coupling outburst under mining disturbance.
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channels, hence reducing or eliminating outbursts.

Therefore, after hydraulic punching and gas drainage, cross-
measure boreholes are constructed from the floor roadway to
the two sides of the coal roadway, and then polyvinyl chloride
(PVC) pipes are inserted into the boreholes as a strong and
tough skeleton. Subsequently, the coal and two sides of the
roadway are strengthened by grouting to form a strengthening
zone. In this way, a strong—weak coupling structure composed
of a relatively near grouting strengthening zone and a relatively
far hydraulic punching weakening zone is formed on both sides
of the roadway to prevent roadway instability accidents.
Nowadays, researchers mainly study the deformation and
failure characteristics of strong—weak coupling structures with
the coal-rock combination. The results show that the
deformation and failure characteristics of a coal—rock
combination during uniaxial compression are mainly controlled
by coal. The uniaxial compressive strength (UCS) and elastic
modulus of the coal—rock combination are slightly larger than
those of coal. Most of the cracks in coal arise from uniaxial
compression,” and cracks generated by the failure of coal
trigger the failure of rock.”* The dynamic stress—strain curves
of coal-rock combination in the high loading rate range
present bimodal characteristics: the first peak stress is
independent of the loading rate, while the dynamic
compressive strength (second peak stress) and dynamic peak
strain (second peak strain) increase linearly with the loading
rate.”” Based on effective medium theory, a binary effective
medium model for the composite under triaxial compression
experimental conditions was established by the researchers.
The model’s reliability was subsequently validated through
compression experiments conducted on a concrete—granite
composite.”® In addition, by conducting uniaxial compression
experiments with cement and gypsum-poured samples as
strong and weak structures, respectively, researchers found that
the strong—weak coupling structure could effectively transfer
the peak stress from the coal roadway to a farther area and
enhance the ability to resist roadway deformation.”"
Problems remain despite massive experimental and theoreti-
cal works on strong—weak coupling structures. For example,
the deformation and failure characteristics of strong—weak
coupling structures with different height ratios (HRs) under
the disturbance of periodic mining stress is still unclear. The
coal roadway is subject to periodic stress disturbance during
working face mining, resulting in deformation, damage, and
even failure,””** and the instability and damage of the roadway
are the prerequisites for the occurrence of outbursts in
mining.”” The layout parameters of the strong and weak zones
may directly affect the overall failure process of the strong—

weak coupling structures and thus influence the outburst
prevention effect.

In this study, the mechanism of the outburst hazard of
strong—weak coupling structures under mining disturbances
was investigated. Then, cyclic loading and unloading experi-
ments were conducted on the strong—weak coupling samples
with different HRs by a hydraulic rock mechanic testing
machine (MTS). Furthermore, the full-field deformation and
failure characteristics of the samples were monitored by the
noncontact full-field strain testing (DIC) system and the
acoustic emission (AE) monitoring system. The research
results boast great significance for designing strong—weak
coupling structures in field engineering practice, improving the
stability of roadways during working face mining, and
preventing outburst dynamic disasters.

2. OUTBURST PREVENTION THEORY OF
STRONG—-WEAK COUPLING STRUCTURE UNDER
MINING DISTURBANCE

Before the outburst, the roadway surrounding rock is close to
the ultimate bearing state under the action of both static load
stress field and gas energy. After a new dynamic load stress
field is generated by mining activities, the superimposed stress
field of dynamic-static load and residual gas internal energy
after pre-extraction exceeds the ultimate bearing strength of
roadway surrounding rock under the action of the above three.
Resultantly, the roadway surrounding rock is destroyed
suddenly, throwing coal and gas. The outburst prevention
method of the strong—weak coupling structure under mining
disturbance is shown in Figure 1.

The minimum energy consumed for failure in the strong
zone is

2

%

T 2E

min

(1)

The elastic energy of the strong zone under the 3D stress
state (under static load) is

6>+ 0,> + 6" — 2(0,0, + 6,05 + 6,05)
2E

Eo @)

After the generation of dynamic load, the elastic energy
accumulated in the strong zone is*’

E; =E,+ ) AE, 3)

where o, and E are the uniaxial compressive strength and the
elastic modulus, respectively; o, 0, and o3 are the three
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principal stresses; v is the Poisson’s ratio; AEp; is the change in
elastic energy accumulated under the ith dynamic load.

According to Figure 1, as mining proceeds, the coal seam
generates periodic dynamic load energy and transfers it to the
center of the roadway. The energy is greatly absorbed when it
is transferred to the weak zone. It is assumed that the dynamic
load energy generated under the ith dynamic load is Eg, and
the energy transmitted to the roadway side under the ith
dynamic load is

Ep; = Edi(hi —d-1- 1’)’7111'721'73 (4)

where d and [ are the lengths of the weak zone and the strong
zone, respectively; r and h; are the distances from the central
point of the roadway to the roadway side and the dynamic load
point under the ith load, respectively; #,, #7,, and 75 are energy
attenuation indexes in the coal seam, the weak zone, and the
strong zone, respectively.

Thus, the total energy transmitted to the roadway side is

Ep= D B, s)

After hydraulic punching and gas drainage, the pressure is
released, and the gas energy declines.’’”” The residual gas
energy acting on the roadway is

E, = Ey - A (6)

where Ey and AE, are the original gas energy and the variation
after hydraulic punching and gas drainage, respectively.
Therefore, the total energy acting on the roadway side
during mining is
E, =E; + Ep + E (7)

Ulteriorly, the energy criterion for roadway outburst during
mining is
E,=E + Ep + E 2 E, (8)

The strong—weak coupling outburst prevention technology
reduces the elastic energy by relieving stress and transferring it
to the stress concentration area and reduces the transmitted
dynamic load energy through energy absorption by the weak
zone. Hydraulic punching and gas drainage weaken the internal
energy of gas, while grouting reinforcement raises the
minimum energy of failure in the strong zone. Hence, the
technology can effectively alleviate roadway deformation and
prevent outbursts.

3. MATERIALS AND METHODS

3.1. Sample Preparation. The strong structure was made
of high-strength Portland cement (62.5, cylindrical samples of
¢S50 mm X 100 mm, water—cement ratio 0.4) and was kept in
a constant-temperature-and-humidity curing box for 28 days.
The weak structure was raw coal (cylindrical samples of ¢S50 X
100 mm, taken perpendicular to the bedding direction with a
core drilling machine). Finally, samples were cut according to
the designed strong—weak HRs and then bonded with epoxy
resin AB glue to form a strong—weak coupling structure
(Figure 2). The samples were divided into 7 groups (3 samples
in each group), namely, a briquette coal group, a raw coal
group, and 5 strong—weak coupling groups with different HRs.
The briquette coal group and the raw coal group are designed
for the basic mechanical determination of strong and weak
structures, yet the 5 strong—weak coupling groups are for the
cyclic loading and unloading tests. The strong—weak coupling

Figure 2. Experimental samples.

groups were set according to HRs of 15:85, 30:70, 50:50,
70:30, and 85:15 and labeled as S;sWgs, S30Woo, SsoWso,
S,0W30, and SgsWis, respectively. The basic mechanical
parameters of the briquette coal group and the raw coal
group are given in Table 1.

Table 1. Mechanical Parameters of the Briquette Coal
Group and the Raw Coal Group

sample compressive elastic Poisson’s  density/
type strength/MPa modulus/GPa ratio g-cm™®
briquette 64.58 7.03 0.19 2.36
coal
raw coal 7.88 1.34 0.34 1.63

3.2. Experimental System. The experimental system
(Figure 3) comprises three subsystems: a MTS system
(C64.60S, MTS Systems Co., Ltd.), a DIC system (VIC-3D,
American CSI Technology Co., Ltd.), and an AE system (DSS-
16C, Beijing Soft Island Technology Co. Ltd.). The MTS
system has two parts: loading and control. In this experiment,
the force control method is adopted for loading, and the inlet
force and the loading rate are set to 0.05 and 1.5 kN/s,
respectively. The DIC system consists of an LED light source,
a high-speed camera, and a data analysis system (for
simultaneous acquisition of DIC and MTS data), and the
sampling frequency is set to 2 Hz. The AE system is composed
of RS-2A sensor probes, a preamplifier, and a data acquisition
and analysis system. The input signal range is +10 V, and the
sampling rate is 10 MHz. Considering noise, the threshold is
set to 30 dB. The experimental system can achieve real-time
synchronous acquisition of full-field strain and AE character-
istics during sample loading.

3.3. Experimental Process and Loading Path. 3.3.7. Ex-
perimental Process. (1) Speckles were sprayed on the samples
with the speckle processing tool of the VIC-3D system.

(2) The sprayed samples were successively placed on the
MTS testing platform. To eliminate the end-face effect, the
Vaseline coupling was applied to both ends of the samples.

(3) Two AE probes were stuck to the strong structure and
the weak structure. Considering the cylindrical shape, the
Vaseline couplant was also used on the contact area between
the AE probes and the samples to avoid weak signaling.

(4) Multistage cycling loading and unloading was applied
with the MTS controller, during which the data were
synchronously acquired by the AE monitoring system and
the VIC-3D system until the sample failed.

(5) Finally, the full-field data were analyzed in VIC-3D 9.0
software. The AE data were exported to determine sample
failure.

3.3.2. Loading Path. The periodic mining stress disturbance
of coal was simulated by multistage cyclic loading and
unloading. In the simulation, the loading rate was 0.5 kN/s;
the stress difference between adjacent cycles was 4 MPa; and

https://doi.org/10.1021/acsomega.3c08786
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Figure 3. Experimental system.

the stress peak points of each cycle were recorded as A, B, C,
D, etc. When the load reached the corresponding stress peak,
the stress was unloaded at a rate of 0.5 KN/s to 2 MPa for the
next cycle of loading until the sample was damaged. The
loading path is shown in Figure 4.

A A:6MPa  B: 10MPa .
C: 14MPa D: 18MPa Failure

E: 22MPa F: 26MPa J
<
e
$
E-]
w
2MPa

Figure 4. Sample loading path.

4. RESULT ANALYSIS AND DISCUSSION

4.1. Failure Strength. Figure S shows the failure strength
of the strong—weak coupling samples with different HRs under
cyclic loading and unloading. The failure strength increases
gradually with the increase of HR. The failure strength of

50 —e— Failure strength

IS
=3
1

%/% 391.91%

Failure strength (MPa)

20 | / 225.86%
161.42%
ol - _ ¢52.77% g _
0 L 1 L 1 1
15:85 30:70 50:50 70:30 85:15

Height ratio (Strong:Weak)

Figure 5. Failure strength of strong—weak coupling samples.

group SgsWis (44.37 MPa) is 391.91% higher than that of
group S;sWgs (9.02 MPa). The strength of the strong—weak
coupling samples gradually transfers from the weak structure to
the strong structure. Thus, raising the grouting range can
effectively improve the roadway stability in the strong—weak
coupling section under mining disturbance and enhance the
ability of the roadway to resist the hazard of outburst during
mining.

4.2. Full-Field Deformation of Strong—Weak Cou-
pling Samples. 4.2.1. Lateral Strain. The DIC technology
involves capturing two digital images of a sample before and
after deformation and computing of the changes in digital
image points within the relevant regions of interest to obtain
comprehensive deformation information on the sample. This
method offers nondestructive and high-precision advan-
tages.”****® By monitoring the sample’s surface during the
loading and unloading processes, the full-field strain character-
istics of the sample have been obtained®® (Figures 6 and 7).
The strain field programs in the loading process and at the
moment of failure were extracted at the peak stress point of
each loading stage by a VIC-3D high-speed camera.

After the strains were calibrated and calculated using Vic-3D
9 software on the images collected during the loading and
unloading processes of the samples, lateral and axial strain
cloud maps of the samples were obtained. Figure 6 displays the
distribution of the lateral strain field of the strongly weakly
coupled samples under cyclic loading and unloading. In the
loading process, large strain occurs in the weak structure, while
small strain occurs in the strong structure. As the HR rises, the
strain zone shows a delay effect. Groups S;sWgs, S30Wo,
SsoWsq, and S;0W5, exhibit strain concentration areas at point
A, while group SgsW 5 presents such a phenomenon at point C,
which suggests that an increase in HR strengthens the
resistance of the weak structure to deformation. In addition,
the shape of the weak structure strain zone is irregular during
loading, and this phenomenon gradually intensifies as the
proportion of the weak structure grows, which mainly results
from the anisotropy of the coal. The increase in the proportion
of the weak structure is equivalent to the increase in the
deformable domain of the sample and the randomness of
failure; the sample can experience more forms of deformation
and failure in a wider range (referring to Section 4.3.34.3.3). It
is noted that for group SgsW; at point J, the strong structure
has a strain concentration area near the strong—weak interface
and is finally destructed. This indicates that when the
disturbance effect is strong enough to damage the strong
structure during mining, damage starts from the vicinity of the
strong—weak interface.
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4.2.2. Axial Strain. Figure 7 shows the distribution of the
axial strain field of the samples. Similar to the lateral strain, the
axial strain of the strong—weak coupling samples is mainly
concentrated in the lower half of the weak structure, that is,
near the strong—weak interface. From the strain field
nephograms at the peak stress points and at the moment of
failure, it is found that the strain concentration area before the
peak stress point of groups S;sWgs and S3,W., cannot predict
the failure crack area, which is attributed to the brittleness>®
and nonhomogeneity of coal; in contrast, the failure of groups
SsoWso, S;0W3o and SgsWig develops along the strain
concentration area, which can be explained from two aspects.
First, as the proportion of the weak structure decreases, both

17080

the deformable domain of the sample and the randomness of
deformation decline to a certain extent so that the weak
structure can withstand higher stress. In this case, under the
action of high stress, the samples fail progressively along the
strain concentration area. Second, a rising HR changes the
failure mode of the weak structure from brittle failure to ductile
failure, resulting in severer deformation of the weak structure at
the moment of failure. It can also be seen that the strain value
in the vicinity of the two ends is generally smaller than that
near the strong—weak interface, especially for group SyoWiy,
which forms a step shape. Consequently, damage occurs near
the interface, causing an energy release. This demonstrates that
under the action of mining stress, the failure of the weak
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Figure 9. Residual strain and increment curves of strong—weak coupling samples, where (a) and (b) denote the lateral residual strain and its
increment, respectively, and (c) and (d) denote the axial residual strain and its increment, respectively.

structure starts from the strong—weak interface and gradually
proceeds toward the direction away from the roadway. Such a
failure sequence prevents part of the energy from being
transferred to the roadway. The remaining energy is transferred
to the strong structure with a relatively high strength. The
strong structure resists residual stress and effectively safeguards
the overall stability of the roadway during mining.

4.2.3. Residual Strain. The strain extraction method during
cyclic loading and unloading using the VIC-3D software (with
SgsWis as an example) is illustrated in Figure 8a, based on
which the strains of the weak structure (extraction domain 1)

and the strong structure (extraction domain 2) were analyzed,
respectively. The stress—strain curves of typical samples
(SgsWys) are displayed in Figure 8b. As can be seen from
Figure 8b, the curves gradually shift toward the direction of
increasing strain, and the strong and weak structures form
hysteresis loops, suggesting that each level of loading can cause
damage. The deformation and hysteresis loops of the weak
structure are significantly larger than those of the strong
structure, indicating that the weak structure accumulates more
intense damage by cyclic loading and unloading and undergoes
obvious fatigue damage inside. As loading continues, the
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Figure 10. AE ring count and accumulated energy curves of strong—weak coupling samples.

cohesion between the fractured surfaces is gradually lost, and
the bearing capacity is mainly provided by the friction between
the fractured surfaces. Due to the large number of fractured
surfaces, the frictional force and external force between the
fractured surfaces are constantly adjusted for stress. When a
new equilibrium is reached, the weak structure still holds a
certain bearing capacity, and the residual strain level is further
improved. However, the strong structure produces mild
deformation in each loading stage and returns to the initial
level in the unloading stage, generating a small residual strain.
Therefore, under cyclic loading and unloading, the weak
structure deforms and is damaged to absorb energy, while the
strong structure resists both deformation and residual energy,
effectively protecting the roadway surrounding rock.

Figure 9 shows the residual strain and increment curves of
groups SsoWs, S;,o0W3o and SgsWis after normalized cycle
times, where the normalized cycle times refer to the ratio of the
actual cycle times to the total cycle times. The residual strain
value of the strong structure is notably smaller than that of the
weak structure, and the weak structure generates residual strain
in each cyclic loading stage, which is similar to the typical curve
of the three-stage deformation of rock mass.”” The strong and
weak structures share similar variation trends; that is, both of
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them are nonlinearly correlated with the number of cycles. The
curves can be roughly divided into three stages based on the
incremental variation of the residual strain of the weak
structure: the decelerated deformation stage (0—0.3 times), the
constant-velocity deformation stage (0.3—0.7 times), and the
accelerated deformation stage (0.7—1.0 times).

(1) According to Figure 9, the weak structure mainly suffers
from axial deformation in the decelerated deformation stage
with slight lateral deformation. As illustrated in Figure 9b,d, the
residual deformation increment gradually decreases in such a
stage. The axial residual increment of group Sy\Ws, decreases
from 0.129% to 0.062%, as a result of gradual compaction of
microcracks inside the sample during cyclic loading of a lower
stress. In the first loading, cracks are compacted the most
quickly. As the number of cycles grows, the internal structure
gradually becomes denser; the compaction slows down; and
the residual deformation increment gradually decreases. The
strong structure experiences similar lateral deformation to the
weak structure yet with a much smaller value. In this stage, the
strong structure produces only small compaction in the axial
direction. For example, the axial residual strain of group SgsW;
increases from 0.027% to 0.035%, and the axial residual strain
increment decreases from 0.026% to 0.004%. The stress in this
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Figure 11. Dominant frequency—amplitude distribution of AE waveforms of samples.

stage cannot lead to lateral expansion, so the lateral residual
strain hardly changes.

(2) In the constant-velocity deformation stage, the strong
and weak structures with axial residual strain both rise steadily
at a constant velocity. As the number of cycles and the stress
rise, microcracks in the weak structure begin to expand, and
they connect in a small range, leading to a slight increase in
lateral residual strain. For the strong structure, the stress
remains in the stage of primary crack compaction; con-
sequently, the lateral residual strain hardly changes, and the
axial residual strain increases by less than 0.01%.

(3) In the accelerated deformation stage, the axial and lateral
residual strains of the strong and weak structures both show an
accelerated increase, yet those of the weak structure increase
more remarkably. The maximum value of the lateral residual
strain increment of the group SgsWi is up to 0.186%, because
after the residual strain reaches a certain value, microcracks
inside the weak structure gradually connect, resulting in a surge
of residual strain before failure. It is noticed that the lateral
strain of the strong structure of group SgW,s jumps before
failure, from 0.004% to 0.032%, which is attributable to the
difference in the Poisson effects of the strong and weak
structures. The weak structure expands first, applying a friction
force to the strong structure at the interface, which is directed
toward the center of the interface, equivalent to the tensile
stress of the strong structure outward from the central axis.
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When the friction force reaches a certain value, tensile cracks
occur inside the strong structure, resulting in a jump in the
lateral residual strain of the strong structure before failure.

In addition, in the whole loading process, the lateral and
axial residual strains of the weak structure gradually increase
with the rise of HR, that is, SgsW;5 > SsqWso > S;0W3,. The
lateral and axial residual strains of group S,,W3, before failure
are 0.116% and 0.158% respectively, while those of group
SgsW s are relatively higher, 0.426% and 0.287%, respectively,
which suggests that an increase in HR transforms the weak
structure from brittle damage to ductile damage.

4.3. AE Characteristics. 4.3.1. AE Time Domain. When
alterations occur within the internal structure of a material,
stress undergoes a sudden redistribution, leading to the
generation of transient elastic waves. AE technology, as a
nondestructive testing technique, aims to characterize the
fracture mechanism of coal—rock masses by detecting the
elastic waves released during the deformation and propagation
of cracks within the material under stress.”**” Monitoring the
characteristic parameters of internal damage within samples
during the loading and unloading processes allow for the
derivation of ring counts and cumulative energy features of the
samples (Figure 10), thereby providing insights into the
material’'s behavior. The ring count refers to the number of
times the AE signal exceeds a predetermined threshold, serving
as an acoustic reflection of the evolution of the internal
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Figure 12. AF—RA data density maps of samples with different HRs.

structure within the sample, while the energy indicates the
energy released by crack expansion inside the sample per unit
time. !

As exhibited in Figure 10, the AE signals of samples show
strong regional distribution characteristics under cyclic loading
and unloading. The AE ring counts are concentrated near 70%
in each stage in the cyclic loading process. Before reaching the
stress peak, the AE ring count decreases and is not active in the
unloading stage of each cycle, where the AE signals step into a
quiet period. When the AE signals appear in the next cycle, the
stress value becomes significantly lower than the maximum
stress value loaded in the previous stage, so that the AE signals
exhibit the Felicity effect.*” For example, the AE signal of
group Ss,Wy, appears at 17.43 MPa in the last stage of loading,
which is significantly lower than the maximum loading stress

(22 MPa) in the previous stage. This phenomenon can be
explained as follows: under the action of axial stress, the weak
structure is in a yielding or unstable state; in this case, pores
and cracks emerge continuously, and local damage and
slippage of the rupture surface generate AE signals. The AE
signals are abnormally active near 70% of each stage in the
cyclic loading process. Meanwhile, the sample with a larger
proportion of the weak structure corresponds to a greater
number of cycles. The AE ring count changes abruptly near the
70% point. For example, group SgsW)s experiences abrupt
changes at 588 s (sixth cycle), 793 s (seventh cycle), 1,321 s
(eighth cycle), and 1,610 s (ninth cycle), which is small-scale
damage of the weak structure. As the HR grows, the failure of
the weak structure requires a greater stress, and thus the
sample can withstand more cycles of loading and unloading
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Figure 13. (a) Classification of damage types. (b) Percentages of damage modes of samples with different HRs.

and gradually transitions from brittle damage to ductile
damage. Therefore, when the peak stress of loading at each
level is reached, the weak structure is damaged macroscopically
on a small scale. The damage means the release of energy,
which is reflected by a sharp rise in the energy curve. After
multistage cyclic loading and unloading, the energy is gradually
released. As a result, less energy is transferred to the strong
structure, which effectively alleviates the outburst hazard.
4.3.2. AE Frequency Domain. The dominant frequency and
corresponding amplitude of AE waveforms can reflect the
fracture information in the process of rock failure and
fracturing, which provides a new perspective for explorin
the fracture behaviors of samples with different HRs.***
Accordingly, the dominant frequency and amplitude of the AE
waveforms can be calculated by the Fast Fourier transform
(FFT) algorithm. Figure 11 gives the dominant frequency—
amplitude distribution of the samples. Both the dominant
frequency and amplitude of AE waveforms gradually rise with
the increase in HR. For example, for groups S,sWgs and
S30W5o, the dominant frequency of AE waveforms is mainly
distributed in the low-frequency region (0—75 kHz), and the
middle-frequency region (0—250 kHz), and few signal clusters
appear in the high-frequency region (300—500 kHz). With
reference to Figures 6 and 7, low-amplitude AE signals mostly
appear in the initial loading stage, which are mainly generated
by gradual closure of cracks in the weak structure. As the
number of cycles grows, the AE signals shift to a higher
amplitude, which means that after the stress threshold of crack
initiation in each area inside the weak structure is reached,
high-amplitude AE signals are gradually emitted. Particularly, a
few AE waveforms higher than 62 dB occur before failure,
which arises from the violent fracturing of the weak structure.
The dominant frequency—amplitudes for group Ss;Ws, and
those for groups S;sWgs and S33W, evolve in similar patterns
under cyclic loading at all levels until failure. The difference is
that, for group SsoWis, the overall amplitude increases slightly
during the whole loading process, and the signal volume in the
middle- and high-frequency regions jumps; in contrast, for
groups S;oWs and SgsW s, the increase is more significant, and
a large number of high amplitudes over 62 dB can be observed
before failure, which is indicative of internal damage to the
strong structure. For group SgsWj5, massive high-amplitude
signal clusters are concentrated before failure, meaning that the
strong structure is severely damaged at this moment. In
addition, for group S,,Wj,, the AE signals are mainly
concentrated in the high-frequency region, and the signal
volume in the middle- and low-frequency regions plunges. In

particular, group SgsW s has a large number of signal clusters in
the range of 270—370 kHz. Scholars*>** pointed out that shear
damage often presents low-frequency waveforms, while tensile
damage usually corresponds to high-frequency waveforms.
Therefore, it can be inferred that as HR rises, the weak
structure gradually transitions from shear damage to tensile
damage. Shear damage mainly occurs under a large proportion
of the weak structure, while tensile damage dominates under a
small proportion of the weak structure.

4.3.3. AF—RA Distribution. To depict the damage mode in
the damage process more precisely, the AF—RA distribution of
AE waveforms during sample loading was introduced,”” where
AF refers to the average frequency, and RA refers to the ratio
of rising time to amplitude.” Previous studies disclosed that
the AE waveforms of tensile damage usually show short rising
time and high frequency, while those of shear damage display
long rising time and low frequency. Figure 12 exhibits the AF—
RA data density distribution, and the black dashed line (AF =
66.67 RA) is the dividing line to distinguish tensile damage
from shear damage (Figure 13a). From Figure 12, the AF—RA
high-density areas for groups S;sWss and S3,W,, are mainly
located at the lower right of the dashed line (extending along
the RA axis). When the HR rises, the high-density area
gradually shifts to the upper right of the dashed line
(developing along the AF axis). The AF—RA data were
counted according to the method in Figure 13a, and the
percentages of tensile and shear damage were obtained (Figure
13b). From Figure 13b, it can be seen that the percentage of
tensile damage gradually grows with the increase in HR, while
that of shear damage gradually declines. For group S,sWy;,
tensile damage accounts for 24.65%, while for group SgsWis, it
accounts for 85.55%. Under a large HR value (SgsWis), the
particles inside the weak structure are highly compacted under
the high stress; resultantly, the sample can no longer deform
along the axial direction, but it can still deform along the radial
direction (Figure 8), thus producing more tensile damage.
Therefore, the variation in AF—RA values, combined with coal
rock mechanics, elastic dynamics, and gas geology, can be used
to research and develop efficient outburst early warning
technologies. The strong—weak coupling structure outburst
prevention technology contributes to monitoring and assessing
the outburst hazard in the roadway in real-time.

4.4. Failure Morphological Characteristics. Figure 14
shows the failure morphologies of samples with different HRs.
It can be seen that the weak structure of group S;sWjg; fractures
along the two penetrating shear cracks, and each part can
maintain a high degree of integrity after failure. As the HR
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Figure 14. Failure morphologies of samples with different HRs.

rises, the cracks in the weak structure gradually increase, and
the degree of integrity gradually declines after failure. It is
noted that there are multiple tensile cracks at the end of the
weak structure of group S;)Wj,, and the weak structure of
group SgsW s has the largest degree of fragmentation, and its
strong structure is penetrated by a tensile crack. This is
because, as the HR rises, the weak structure expands laterally
to a higher extent, resulting in tensile damage to the strong
structure. The above finding verifies the conclusion drawn in
the above analysis on AE frequency—amplitude distribution;
namely, the weak structure gradually transitions from shear
damage to tensile damage with the increase in HR.

4.5. Failure Mechanism of Strong—Weak Coupling
Samples with Different HRs. Based on the above
phenomena, the failure mechanism of strong—weak coupling
samples with different HRs was discussed in this section.
Under axial pressure oy, the strong and weak structures expand
laterally during loading. As the HR rises, the failure strength of
the strong—weak coupling samples increases gradually. Due to
the difference in the Poisson effect of the strong and weak
structures, the lateral expansion capacity of the weak structure
is significantly larger than that of the strong structure, inducing
a friction effect at the interface. Meanwhile, the enhancement

of ductility of the weak structure promotes the friction effect.
Therefore, the weak structure exerts a friction force oy from
the center of the interface to the vicinity of the strong
structure, while the strong structure applies a friction force o
to the weak structure that prevents its lateral expansion.
Ultimately, the strong structure gradually transitions from a
unidirectional stress state to a triaxial tensile—compressive
stress state’’ (Figure 15a). Study revealed that the tensile
strength of rock mass materials is about 1/10 of their
compressive strength.48 Hence, a strong structure is more
likely to fail under tension. The strong structure will stretch
when the tensile stress reaches the critical value of tensile
damage, whereas it will undergo only a gradual transition from
tensile shear damage to tensile damage if the critical value is
not reached. The failure mechanism of strong—weak coupling
samples with different HRs is illustrated in Figure 15b.

5. CONCLUSIONS

This study aims to reveal the deformation and failure
characteristics of strong—weak coupling samples with different
HRs under cyclic loading and unloading using DIC and AE
technologies in the hope of providing guidance on how to
prevent strong—weak coupling outburst on site. The following
conclusions are drawn:

(1) As the HR rises, the failure strength of the strong—weak
coupling samples gradually increases under cyclic loading and
unloading, suggesting that raising the grouting range can
effectively improve the bearing capacity of the roadway. The
residual strain of the strong—weak structure experiences three
stages, i.e., the decelerated deformation, the constant-velocity
deformation, and the accelerated deformation. Deformation
mainly occurs in the weak structure, and the sample damage
tends to start first from the strong—weak interface with the
increase in the HR. When the HR increases to 85:15, the
strong structure undergoes tensile damage.

(2) The AE signal shows strong regional distribution
characteristics and the Felicity effect, with the damage
concentrated near 70% of each stage in the cyclic loading
process. With the increase of HR, the weak structure
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transitions from brittle damage to ductile damage, and the
percentage of tensile damage gradually increases. Due to the
difference in Poisson effects of the strong and weak structures,
under a larger HR (SgsWis), the strong and weak structures
generate the breaking friction effect at the interface, which
leads to tensile damage of the strong structure.

(3) With respect to the field application of strong—weak
coupling outburst prevention, the weak structure corresponds
to the broken coal body, while the strong structure is actually
the coal and cement slurry combination, which differs from this
study. Therefore, it is necessary to develop an experimental
method that is more in line with the field conditions in the
future.
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