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Abstract

Comprehending the shear behavior of rock fractures plays a vital role in reducing risks in underground rock engineering. An exten-
sively utilized experimental method to investigate this issue is the direct shear tests of fractured rock specimens under a variety of
mechanical conditions. Acoustic emission (AE) monitoring, as a powerful tool, can provide real-time insights into the cracking and fail-
ure processes during shear tests. In recent decades, a multitude of studies delved into the AE characteristics in rock shear testing, and
demonstrated that AE responses were strongly correlated with initiation and propagation of microcracks. Various methods focusing on
waveform or amplitude characteristics of AE signals have been developed to interpret AE data, linking AE parameters to shear behaviors
of rock fractures. In this review, the previous achievements on AE responses during direct shear tests on rock fractures are first summa-
rized, and a unified method is proposed to reinterpret the representative data and better understand the correlation between AE param-
eters and the shear strength of rock fractures. The results highlight the potential of AE monitoring for predicting rock failure and
improving the safety of underground rock engineering. Finally, the developments and challenges of AE monitoring techniques and inter-

pretation models in fractured rocks are emphasized.
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1 Introduction

Gaining insights into the shear behaviors of fractured
rock is essential to reduce various hazards in underground
rock engineering (Dou et al., 2020; Cappa et al., 2022;
Meng et al., 2022). Direct shear tests have become a com-
mon experimental method to obtain the shear parameters
of fractured rock specimens under different boundary con-
ditions (Ishida et al., 2010; Barton, 2013; Bahaaddini et al.,
2016; Jiang et al., 2022). In addition to shear parameters,
the cracking and failure processes of rock fractures under-
going shear are also important for disaster mitigation.
Many nondestructive test methods, including digital image
correlation (DIC) technique (Fan et al., 2022, 2023; Miao
et al., 2024a), three-dimensional (3D) laser scanning
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(Zhao et al, 2018), X-ray CT scanning method
(Thompson et al., 2009; Crandall et al., 2017; Zhao et al.,
2018; Fan et al., 2023), and acoustic emission (AE) tech-
nique (Thompson et al., 2005, 2009; Moradian et al.,
2010, 2012a, 2012b; Wang et al., 2018; Meng et al., 2016,
2019, 2020; Chen & Zhao, 2020), are commonly utilized
to investigate the degradation of asperities on rock frac-
tures caused by shearing (Hong et al., 2016).

AE technique is regarded as distinctive among the non-
destructive testing methods listed above (Grosse et al.,
2022), and its technical significance in underground rock
engineering is shown in Fig. 1. Shear-induced damage or
micro-cracking occurs along with rapidly releasing strain
energy, which generates transient elastic waves. Analogous
to the cardiac stethoscope in medical means that obtains
signals of the heart’s beating inside the human body
(Fig. 1(a)), AE technique captures the instantaneous elastic
waves generated by propagating microcracks within the
rock mass (Fig. 1(b)—(e)), thereby enabling the monitoring

2467-9674/© 2026 Tongji University. Publishing Services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


move_f0005
https://doi.org/10.1016/j.undsp.2026.03.005
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:zhzhao@tsinghua.edu.cn
https://doi.org/10.1016/j.undsp.2026.03.005
http://crossmark.crossref.org/dialog/?doi=10.1016/j.undsp.2026.03.005&domain=pdf

376 Y. Wu et al. | Underground Space 28 (2026) 375-406

(a)

(@

I

[

|
YiNL

(]

Heartbeat

, AE signal

‘:'//‘7;///’7 =
N

Direct shear test

| AE system
(b)

* | AE host

Amplifier

Fig. 1. Schematic diagram of the technical significance of the AE technique in underground engineering, such as fault slip and rock burst in the tunnel ((c)
and (e)), analogous to the auscultation of the human body (a); (b) AE system including AE sensors, amplifiers and data processing host; (d) laboratory
direct shear tests on rock fractures for studying shear behavior of rock fracture and applying the research on engineering problems.

of the spatial and temporal development of defects. In con-
trast to other non-destructive evaluation techniques, AE
techniques offer a few significant advantages: (1) monitor-
ing the evolution of damage within rock fractures through-
out the entire duration of the loading process, without
interfering with the samples; (2) recording the AE activities
and providing effective signals through only a few sensors;
(3) operating easily under normal service conditions.
Therefore, the AE technique is a useful tool for recording
the failure process when conducting direct shear tests on
rock fractures.

The application of AE technology in direct shear testing
of rock fractures is steadily growing (Tables 1-4).
Moradian et al. (2010, 2012a) conducted research on the
AE characteristics during direct shear tests of rough rock
fractures and assessed the extent of the asperity failure
through the amplitude of AE signals. Meng et al. (2016,
2019, 2020) experimentally studied the mechanical proper-
ties and AE characteristics of rock fractures during shear,
and the effects of various stress levels, shear rates, and
other relevant factors on shear behavior were examined
in detail. Chen and Zhao (2020) studied the shear-
induced asperity degradation using AE technique, and
indicated that AE parameters may act as a potential indica-
tor for measuring the initiation and progression of damage
in rock fractures during shear. Therefore, understanding
the relationship between shear parameters and AE param-
eters would be highly beneficial to develop an AE-based
early warning technique for fracture or fault slip. However,
the connection between AE features and shear behavior
remains largely qualitative. There is an urgent need for a
systematic, quantitative method to interpret AE
parameters.

This review aims to provide a comprehensive summary
of the main characteristics of direct shear tests on rock

fractures associated with AE monitoring techniques, and
elucidate the fundamental mechanisms underlying shear
behaviors and AE responses of rock fractures. A quantita-
tive relation between shear strength and accumulative AE
energy is proposed and verified based on the collected rep-
resentative shear stress curves and cumulative AE energy
curves from the literature. Several key challenges associ-
ated with recording and interpreting AE parameters during
direct shear tests on rock fractures are discussed, followed
by a few concluding remarks.

2 AE monitoring method
2.1 Principle and parameter

AE refers to the high-frequency elastic waves emitted
from microcracks within a rock when it is subjected to
stress. Detailed principles and devices used for monitoring
AE in both laboratory and in situ rock tests are provided in
Ishida et al. (2017) and Feng et al. (2019). Physically, fail-
ure occurs as a result of the dissipation of accumulated
strain energy, which nucleates cracks and generates elastic
waves. These elastic waves generated within fractured rock
are detected as AE waves and captured by AE probes
affixed on the surface. The procedure for AE monitoring
during shear tests on rock fractures is schematically
depicted in Fig. 2. AE sensors detect AE waves and convert
them into electrical signals. Considering the inherently
weak nature of AE signals, they are typically boosted in
signal strength through a pre-amplifier followed by a main
amplifier, ensuring clear and distinct signal transmission.
To maintain a low signal-to-noise ratio, high-gain ampli-
fiers are designed. In addition, a band-pass filter is effec-
tively employed to eliminate the noise (Grosse et al.,
2022). AE signals can be comprehensively analyzed and
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Table 1

Representative AE apparatuses used in direct shear tests of fractured rock samples to study deformation/damage process and mechanism.

References

AE apparatuses

AE parameters

Specimen (Rock type, fracture type & size)

Wang et al., 2006

Ishida et al., 2010

Moradian et al., 2012a

Liu et al., 2017

Liu et al., 2018

Qin et al., 2020

Ren et al., 2020, 2023

Du et al., 2021

Jiang et al., 2021

Li et al., 2021

1. Microcrack-recording system
2. 8 AE measuring points

8 AE sensors: at the base of the holes drilled surrounding
the specimen block

1. Physical acoustic corporation (PAC) n-SAMOS sys-
tem: PCI-8

2. Four transducers: PAC, R3a general purpose

3. Sensor distribution: symmetrically distributed on four
sides

1. PCI-2 AE monitoring system, PAC
2. One sonic emission probe

1. PCI-2 AE monitoring system
2. One AE sensor
3. Sensor distribution: near the potential failure surface

1. AE apparatus: not given
2. 2 AE probe

1. PAC Micro-II system
2. One sensor: Nano-30

1. PCI-2 AE system
2. Two AE sensors: on the free surfaces

1. 16-channel AE monitoring system, PAC

2. Six AE sensors:

3. Sensor distribution: on opposite sides along the direc-
tion of shear

1. PAC-DISP system

2. Two sensors: NANO-30

3. Sensor distribution: on the lower section of the sample,
close to the joint surface

1.
2.
1.
2.

AE rate
Magnitude of AE events

AE rate
2D source location

. AE energy
. AE source location

AE count

1.
2.

AE count
b-value

AE count

B W N —

N kW~

1
2
3.
4
5

. Rise time (RT)

. Amplitude

. Average frequency (AF)
. Counts

. AE count
. AE energy

AE hit

. AE peak frequency
. b-value

AF
RA

. AF
. RA

AE hit rate/cumulative AE hits

. Amplitude
. AE events location

AE energy

1.
2.
1.
2.

W N = W N =

W N =

Rock type and size: sandstone and granite
Fracture type: a gap of 1-3 mm wide

Rock type: slate and sandstone
Size: 0.5 m (length), 0.5 m (width), and 0.2 m
(height)

. Rock type: granite
. Fracture type: tension splitting fracture

. Rock type: sandstone
. Size: cube, 40 mm
. Fracture type: intact

. Rock type: sandstone
. Fracture type: intact
. Size: cube, 40 mm

. Rock type: rock-like material
. Fracture type: prefabricated filling crack
. Size: cube, 10 cm

. Rock type: sandstone
. Size: (1) cube, 110 mm; (2) 50 mm (diameter),

100 mm (height)

. Rock type: fine-grained marble, granite, white

sandstone

. Fracture type: intact
. Size: cube, 50 mm

. Rock type: rock-like material
. Fracture type: natural, sawtooth, and smooth

joints

. Size: cube, 15 cm

. Rock type: granite
. Fracture type: artificial splitting fracture
. Size: 150 mm (length), 100 mm (width),

150 mm (height)

(continued on next page)
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Table 1 (continued)

References

AE apparatuses

AE parameters

Specimen (Rock type, fracture type & size)

Fan et al., 2022, 2023

Jiang et al., 2022

Li et al., 2022

Liu et al., 2022a, 2022b

Qin et al., 2023

Zhao et al., 2023

Bao et al., 2024

Miao et al., 2024a,
2024b

1.
2.
3.

PCI-II AE system
Eight AE sensors
Sensor distribution: on the front and back surfaces

. Sensor highway II, PAC
. One sensor: Nano-30
. Sensor distribution: medially along the horizontal

direction; 30 mm away from the centerline vertically

. PCI-2 AE system
. Four sensors: PICO
. Sensor distribution: diagonally on the two sides

. 16-channel system: PAC
. Six AE sensors: Nano-30
. Sensor distribution: on opposite sides along the shear

direction; distributed in the same horizontal plane

. 8-channel AE system, PAC
. Two sensors: R1.5I-LP-AST type

. AMSY-6 AE system
. Two AE sensors
. Sensor distribution: on the anterior and posterior faces

of the specimen

. DSS5-8B 8-channel monitoring equipment
. Eight AE sensors
. Sensor distribution: on both sides of the fracture

. 16-channel PCI-2 AE monitoring system
. Four broadband AE sensors: WD, PAC
. Sensor distribution: on the front and back surfaces of

samples

[\

WS SRR S AW VAL S LR WL~

I N

N I I

. AE energy

. AE count

. AE event location
. b-value

RA
AF

. AE peak amplitude
. AE frequency

RA
AF

. AE signal number

. AE event

RA
AF

. b-value

RA
AF

. Amplitude
. Frequency

AE hit

. AE location

Hit
RA
AF

. AE count
. AE energy
. b-value

S value
AF
RA

. Amplitude

. AE energy
. AE event
. AE localization points

. AE count

. b-value

. AE energy

. AE amplitude

RA
AF

1.
2.
3.

—_—

Rock type: Longmaxi shale
Fracture type: prefabricated notch
Size: cube, 50 mm

. Rock type: granite
. Size: cube, 100 mm

. Rock type: light brown sandstone
. Fracture type: intact
. Size: cube, 100 mm

. Rock type: sandstone, marble, and granite
. Fracture type: natural fractures
. Size: 150 mm (length), 120 mm (width),

150 mm (height)

. Rock type: limestone
. Size: cube, 100 mm

. Rock type: marble and sandstone
. Fracture type: intact
. Size: cube, 100 mm

. Rock type: rock-like material
. Fracture type: 3D print natural joint surface
. Size: 100 mm (length), 100 mm (width),

150 mm (height)

. Rock type: red sandstone
. Fracture type: (1) non-persistent joints; (2) ten-

sile-induced and shear-induced fractures

. Size: 150 mm (width), 150 mm (height),

120 mm (thickness)
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Table 2

Representative AE apparatuses used in direct shear tests of fractured rock samples to study fundamental shear behavior.

References AE apparatuses AE parameters Specimen (Rock type, fracture type & size)
Moradian et al., 2010 1. PAC p-SAMOS system: PCI-8 1. AE count 1. Rock type: granite and concrete
2. Four transducers: PAC, R3a general 2. AE energy 2. Fracture type: Concrete-concrete joint;
purpose rock-concrete joint; rock-rock joint
Li et al., 2015 1. PAC Micro-II system 1. AE events 1. Rock type:limestone
2. 4 transducers: PAC, NANO-30 FV49 2. AE event location 2. Fracture type: artificial splitting joints
3. Sensor distribution: arranged on two 3. Size: cube, 50 mm
opposite planes of the specimen
Shang et al., 2021 1. 6-channel PCI-2; 1. Hit 1. Rock type: granite
2. Six sensors: PAC Micro-30 2. Count 2. Fracture type: intact
3. AE energy 3. Size: cube, 50 mm
4. b-value
Li et al., 2022 1. PAC Express-8 AE instrument 1. AE counts 1. Rock type: rock-like material
2. One AE sensor 2. AE amplitudes 2. Size: cube, 150 mm
Zhao et al., 2023 1. One AE probe 1. AE count 1. Rock type: sandstone
2. AE energy 2. Fracture type: intact
3. RA 3. Size: cube, 70 mm
4. AF
Xu et al., 2024 1. PAC Express-8 AE instrument; 1. AE amplitude 1. Rock type: rock-like material
2. One sensor: Nano-30 2. Peak frequency 2. Fracture type: non-persistent joint
3. RA
4. AF

effectively displayed from multiple perspectives using a
computer integrated with data-processing software (Feng
et al., 2019).

The total activity of AE, simply defined as the number
of “hits” recorded by any sensor, serves as an indicator
of the phenomenon being monitored. The quantity of hits
correlates with the extent of damage as well as the degree
of crack formation and evolution. Moreover, the charac-
teristics of the waveform offer valuable insights into the
AE signals. The basic AE waveform is illustrated in
Fig. 2(d) and explained in detail below (Grosse et al., 2022).

Threshold level: A predefined voltage threshold that the
incoming waveform must exceed to trigger data acquisition.
Low-noise signals are also suppressed by this threshold.

Hit: A signal that surpasses the threshold triggers the
system channel to begin recording data.

Counts: The count of signals exceeds the threshold. Like
most AE parameters, counts are highly dependent on the
set threshold level. The counts from the onset to the peak
amplitude are specifically termed “Counts to Peak”. Like-
wise, “Counts to Decay” can be defined, and the total
“Counts” equals the sum of “Counts to Peak” and
“Counts to Decay”.

Amplitude: The maximum voltage exhibited by a signal
waveform, regardless of positivity or negativity. The ampli-
tude is commonly measured in decibels, with a sensor sig-
nal level of 1 pV usually defined as the reference point
for 0 dB AE. Although amplitude is strongly associated
with the source magnitude, attenuation significantly
reduces final amplitude values at the sensor as the propaga-
tion distance increases.

Duration time: The duration from the initial count to
the final instance of exceeding the threshold. This duration
is typically recorded in microseconds (us) and closely asso-
ciated with the magnitude and category of the source.

Rise time: The duration from the triggering point of the
AE signal to the occurrence of its maximum amplitude. It
has a close correlation with the source-time function and
the classification of different types of fractures. Analo-
gously, the time it takes for the signal to decay can be
described by the “decay time”. The total duration is equiv-
alent to the summation of the rise time and decay time.

Energy: Energy (Eag) is defined differently across vari-
ous suppliers of AE systems. However, it is commonly
described as the area beneath the envelope of the rectified
signal:

Exr = /Ot1 V(t)dz, (1)

where V(t) is the recorded voltage of the AE signal; the
range of integration is from 0 to #;. This calculation is
active when the signal is above the threshold level.

The concept of “‘signal strength” is defined similarly. As
a measure of AE activity, this parameter gained acceptance
in the 1980s and largely replaced counts as the preferred
general-purpose method for quantifying AE. Signal
strength provides stronger emphasis on larger, more signif-
icant events and significant sensitivity to both amplitude
and duration. It places less reliance on voltage thresholds
and operational frequencies, making it a more reliable met-
ric for evaluating both AE activity and intensity (Adrian,
1990).



Table 3

Representative AE apparatuses used in direct shear tests of fractured rock samples to study influencing factor analysis.

References

AE apparatuses

AE parameters

Specimen (Rock type, fracture type & size)

Moradian et al., 2012b

Chen et al., 2015

Li et al., 2015

Meng et al., 2016,

2018, 2019

Xu et al., 2016

Zhou et al., 2016

Wang et al., 2018

Guo and Dong, 2019

Zhang et al., 2019

1.
2.

1.

PAC p-SAMOS system: PCI-8
Four transducers: PAC, R3a general purpose

Micro-11 Digital AE System

. AET 5500 system
. One PICO sensor

. 16-channel PAC-DISP system

2. Four PICO sensors

W N =

—_

. Sensor distribution: in the lower portion of specimen,

5 mm away from the fracture

. PCI-2 AE system
. One sensor
. Sensor distribution: on the back, adjacent to the shear

failure surface

. 16-channel PAC-DISP system
. One PICO AE sensor
. Sensor distribution: at the front end of the lower part

. 13 AE sensors
. Sensor distribution: on either side of the specimen

. DS-2 AE system
. Four AE sensors
. Sensor distribution: symmetrically arranged on the

upper surface

. Two 8-channel PCI-8 systems
. Four AE sensors: PAC, R3a general purpose
. Sensor distribution: on the two opposite sides, and

respectively on both sides of the fracture

AE energy

[ N S

N —

W N

N =

[ IS VI S R

. AE event count

AE source
location

. AE energy

. AE energy
. AE count

. AE event location
. AE hit

. AE energy

. AE event

. b-value

. AE count
. AE energy
. Amplitude

. AE hit
. AE energy

. AE source

location

. AE count
. AE energy

AE energy

. Duration

. Counts

. Peak frequency
. Amplitude

AE source
location

. AE count
. Rupture

frequency

. AE energy

1.
2.
1.

2.
3.

Rock type: granite and concrete
Fracture type: bonded concrete-rock joint

Rock type: rock-like material
Fracture type: rock bridge
Size: cube, 50 mm

. Rock type: coal and shale
. Fracture type: natural coal-rock interface
. Size: cylinder, 50 mm (diameter), 100 mm (length)

. Rock type: granite, marble, rock-like material, cement mortar
. Fracture type: artificial splitting fractures
. Size: cube, 100 mm

. Rock type: sandstone
. Size: cube, 40 mm
. Fracture type: intact

. Rock type: rock-like material
. Fracture type: artificial saw-tooth joints
. Size: cube, 15 cm

. Rock type: rock-like material
. Fracture type: anchored joint
. Size: 200 mm (length), 100 mm (width), 100 mm (height)

. Rock type: sandstone and marble
. Fracture type: artificial tensile fracture
. Size: 50 mm (diameter), 100 mm (height)

. Rock type: rock-like material
. Fracture type: artificial joint
. Size: 200 mm (length), 100 mm (width), 100 mm (height)
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Table 3 (continued)

References

AE apparatuses

AE parameters

Specimen (Rock type, fracture type & size)

Chen et al., 2020

Guo et al., 2020

Wang et al., 2020

Zhang et al., 2020

Zhang et al., 2020a,

2020b, 2020c, 2020d,

2021

Wang et al., 2021

Yuan et al., 2021

Guo et al., 2022, 2024

Kong et al., 2022

Li et al., 2022

1. 6-channel PCI-2

2. Six AE sensors: PAC Micro-30

3. Sensor distribution: on the top and bottom surfaces of
the tested sample

1. DS2 — 8A AE signal analyzer
2. 8 AE sensors
3. Sensor distribution: the front and back surfaces

1. 8-channel PAC system
2. Four AE sensors: PICO

1. PAC AE system
2. A miniature AE sensor: Nano-30
3. Sensor distribution: attached to a steel plate

1. 8-channel PAC AEwin system
2. Six sensors: PICO
3. Sensor distribution: on both sides

1. AE monitoring system: PCI-2
2. Two AE sensors
3. Sensor distribution: on both sides of the fracture

1. Express-8 system, PAC
2. Four sensors
3. Sensor distribution: on the lower part

1. DS5-8B AE detection system
2. RS-2A sensors
3. Sensor distribution: in a diagonal position

1. PCI-2 AE system
2. A broadband sensor: WSA

1. PCI-II AE system
2. 2 AE sensors
3. Sensor distribution: on two opposite planes

1. AE
count

. AE hit

. AE energy

. AE event location

. b-value

ring down

WA N

. AE count
2. AE
location

—

source

1. AE count
2. AE energy
3. AE event location

AE energy

. AE hit

. AE energy
. Amplitude
. Duration

. AE b-value

[ N S

AE count

1. AE energy
2. b-value

1. AE
count

. AE energy

. AE event location

AF

RA

ring down

v

—_

. AE event
2. AE energy

1. AE
count
2. b-value
RA
4. AF

ring-down

had

1. Rock type: granite
2. Fracture type: artificial/natural rough fractures
3. Size: cube, 50 mm

. Rock type: rock-like material
. Fracture type: non-persistent joints with rock bridges
. Size: cube, 100 mm

W N =

. Rock type: rock-like material
. Fracture type: artificial joints
. Size: 200 mm (length), 200 mm (height), 100 mm (width)

W N =

—

. Rock type: rock-like material
2. Size: rock-like part: 100 mm (length), 100 mm (width), 50 mm (height); steel plate:
100 mm (length), 100 mm (width), 50 mm (height)

1. Rock type: rock-like material
2. Fracture type: non-persistent joints
3. Size: 100 mm (width), 100 mm (height), 200 mm (length)

. Rock type: sandstone
. Fracture type: artificial saw-tooth joints
. Size: cube, 50 mm

W N =

. Rock type: red sandstone
. Fracture type: 5# — 10# standard roughness profile
. Size: not given

W N =

—

. Rock type: coal-like rock materials; cemented gangue backfill body (CGBB)
. Fracture type: intact
3. Size: cube, 100 mm

NS

. Rock type: sandstone
. Fracture type: artificial splitting fractures
. Size: 100 mm (height), 110 mm (width), 110 mm (length)

W N =

—

. Rock type: rock-like material
2. Fracture type: anchored artificial structural planes
3. Size: cube, 100 mm

(continued on next page)
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Table 3 (continued)

References

AE apparatuses

AE parameters

Specimen (Rock type, fracture type & size)

Luo et al., 2022

Luo et al., 2022

Tang et al., 2022

Wang et al., 2022

Zhang et al., 2022

Chen et al., 2023

Bi et al., 2023

Jiang et al., 2023

Liu et al., 2023

Wang et al., 2023

Zhang et al., 2023

1. Multi-channel AE system SENSOR HIGHWAY II,
PAC

2. Three AE sensors: R15a

3. Sensor distribution: on the two lateral surfaces perpen-
dicular to the shear direction

1. PAC-2 AE instrument
2. One probe: Nano-30
3. Sensor distribution: at the center of the sample

1. 16-channel fully digital AE system
2. Two AE sensors
3. Sensor distribution: on the two opposite sides

1. Micro-II AE system, PAC: four PCI-8 boards and 32
channels
2. Nano 30

1. Micro-11 AE system
2. Sensor distribution: not given

1. 8-channel PAC system
2. 8 AE sensors
3. Sensor distribution: on the upper shear box

1. DISP 8-channel PCI-2 system
2. Six AE sensors
3. Sensor distribution: taped on three sides of the cube

1. 8-channel PAC-AE system;

2. Four sensors: PICO

3. Sensor distribution: on opposite sides of the lower block
along the shear direction

1. AE apparatus: not given
2. Two AE probes

1. PAC full-information AE signal analyzer
2. Three AE probes
3. Sensor distribution: on both sides of the rock bridge

1. PCI-2 system
2. Four AE broadband sensors: WD, PAC
3. Sensor distribution: on the front and back surfaces

1. Absolute AE
energy
2. b-value

. AE count
. Amplitude
. Peak frequency

W N =

AE counts
b-value
AF

RA

bl ol

1. AE count
. AE energy

N

—_

. AE count

AE  cumulative
number

. b-value

N

W

. AE energy
. AE count
b-value
RA

AF

N S

. AE count
. b-value
. Amplitude

AE hit
2. AE energy

W N =

—_

. AE count
. b-value

N —

. AE energy
. b-value
RA

AF

B

1. AE energy
. AE event location

NS

1. Rock type: sandstone
2. Size: cube, 100 mm

. Rock type: red sandstone
. Fracture type: intact
. Size: 50 mm (diameter), 100 mm (height)

W N =

—

. Rock type: greywacke and concrete
2. Fracture type: rock-concrete sawtooth interface
3. Size: cube, 70 mm

. Specimen: rock-like material
. Fracture type: rock bridge
. Size: cube, 50 mm

W N =

1. Rock type: rock-like samples
. Fracture type: prefabricated cracks
3. Size: cube, 70 mm

NS

1. Rock type: gray granite and concrete
2. Fracture type: rock-concrete bond surface
3. Size: 50 mm (diameter), 100 mm (height)

1. Rock type: sandstone
2. Size: cube, 50 mm

1. Rock type: granite
2. Fracture type: artificial splitting fracture
3. Size: 20 cm (length), 10 cm (width), 10 cm (height)

1. Rock type: rock-like materials
2. Fracture type: artificial rough fracture
3. Size: cube, 10 cm

1. Rock type: granite
2. Fracture type: discontinuous joint
3. Size: cube, 100 mm

1. Rock type: red sandstone, expansive slurry
2. Fracture type: rough fracture
3. size: cube, 100 mm
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Table 3 (continued)

References

AE apparatuses

AE parameters

Specimen (Rock type, fracture type & size)

Zhu et al., 2023

Cao et al., 2024

Hu et al., 2024

Liu et al., 2024

Liu et al., 2024

Liu et al., 2024

Meng et al., 2024

Wang et al., 2024

Zhou et al., 2024

1. DS2 full-information AE signal analyzer
2. Four AE probes
3. Sensor distribution: on both sides of rough fractures

1. DSS full information AE signal analyzer
2. Four AE sensors
3. Sensor distribution: on opposite sides of the shear box

1. DS5-32B full information AE signal analyzer
2. One sensor: RS-35C

1. PCI-2 AE system
2. Eight AE sensors
3. Sensor distribution: on both sides of the sample

1. 8-channel DS2 AE monitoring system
2. Sensor distribution: not given

1. PIC-2 testing system
2. One AE probe

1. One AE sensor
2. Sensor distribution: on the wave guide rod

1. DS5-16B fullwaveform AE analyzer
2. Four AE sensors: RS-54B

1. One sensor: PICO
2. Sensor distribution: on the side surface

AE energy

1. AE count
2. AE energy
3. b-value

AE ring-down count

1. AE count
2. b-value

3. AE event location

4. AE energy

AE count

1. AE count
2. AE energy

1. AE amplitude

(dB)
. AE energy
Hit
. AE count

AW

Rise time

Count
Energy
Hit
RA
AF

e N o

. AE count
. AE energy
b-value
RA

AF

R =

. AE amplitude

. Duration time

W N =

S

W N = W N =

N —

. Rock type: rock-like material
. Fracture type: rock bridge; two rough fractures on both sides
. Size: 200 mm (length), 100 mm (width), 100 mm (height)

. Rock type: concrete
. Fracture type: joints filled with kaolinite
. Size: 200 mm (length), 100 mm (width), 100 mm (height)

. Rock type: concrete and rock
. Fracture type: concrete-rock interface
. Size: cube, 100 mm

. Rock type: granite
. Fracture type: intact
. Size: cube, 50 mm

. Rock type: cement grout
. Fracture type: intact
. Size: cube, 100 mm

. Rock type: Kangding slate
. Fracture type: foliation angles
. Size: cube, 50 mm

. Rock type: granite
. Fracture type: artificial splitting rough fracture
. Size: cube, 100 mm

. Rock type: granite
. Fracture type: artificial splitting fracture
. Size: cube, 100 mm

. Rock type: grey sandstone
. Size: cube, 100 mm

90#—SLE (9207) 8T 2ovds punousiopuy) | v 1o ngyg "X

€8¢



384 Y. Wu et al. | Underground Space 28 (2026) 375-406

Table 4

Representative AE apparatuses used in direct shear tests of fractured rock samples to study shear parameter characterization.

References AE apparatuses

AE parameters Specimen (Rock type, fracture type & size)

Meng et al., 2020 1. 16-channel PAC-DISP system
2. Four PICO sensors
3. Sensor distribution: in the lower
portion of specimen, 5 mm away
from the fracture

Lu et al., 2017 1. DS2B Acoustic Emission System
2. One AE sensor

Chen and Zhao, 1. 6-channel PCI-2
2020 2. Six AE sensors: PAC Micro-30
3. Sensor distribution: on the top and
bottom surfaces of the tested sample

1. AE 1. Rock type: rock-like material
amplitude 2. Fracture type: artificial  splitting

2. AE hit fractures

3. AE energy 3. Size: cube, 100 mm

4. AE event

5. b-value

AE event counts 1. Rock type: sandstone

2. Fracture type: cement-grout-filled joint
3. Size: 100 mm (length), 100 mm (width),
50 mm (height)

1. AE energy 1. Rock type: granite

2. AE event 2. Fracture type: artificial/natural rough
location fractures

3. b-value 3. Size: cube, 50 mm

In classical physics, energy is calculated by summing the
squares of the voltage samples, [ V2dt/R, where R is the
impedance. Absolute energy (E,,s) can be used to describe
the feature thus generated, calculated as the integral of the
squared rectified waveform envelope. It is expressed in the
unit of attojoule (aJ), and is regarded as a measure compa-
rable to the actual energy released from elastic waves:

Eqaps = /0 ' V2(t)dt/R. (2)

In fact, this energy is directly proportional to the actual
electrical energy released from the AE signal within the
measurement bandwidth, scaled by a constant representing
the system electric impedance (Yan & Jones, 2000).

AE rate: The average frequency of AE hits within a
“sliding time window” for n consecutive events (Niu &
Zhou, 2021). This parameter is used to monitor the rate
of AE activity over a specified period, providing insights
into the temporal distribution of AE events.

2.2 Apparatus and applications

Representative laboratory investigations on the AE
characteristics of direct shear tests on fractured rock sam-
ples are summarized (Tables 1-4). The AE apparatus
employed in studies, including the quantity of AE sensors
and the setting ranges, is detailed in the second column.
The most commonly used AE system is the Micro-II AE
system, developed by the American Physical Acoustics
Corporation (Ren et al.,, 2020; Bi et al., 2023; Zhang
et al., 2023; Miao et al., 2024a, 2024b; Kong et al., 2022;
Fan et al., 2022, 2023; Xu et al., 2016; Liu et al., 2017;
Liu et al., 2024; Liu et al., 2024; Du et al., 2021; Chen
et al., 2020; Chen & Zhao, 2020; Wang et al., 2021). The
apparatuses from the same company also include the
PAC-DISP system (Meng et al., 2018, 2019, 2020; Li
et al., 2021) and the PAC Express-8 system (Yuan et al.,
2021; Li et al., 2022). Other researches adopted the DS5

fullwaveform AE analyzer produced by Beijing Soft Island
Times Company (Wang et al., 2024; Bao et al., 2024; Hu
et al., 2024; Guo et al., 2024; Zhu et al., 2023; Cao et al.,
2024; Liu et al., 2024). For the selection of multiple chan-
nels, 8-channel and 16-channel options are generally used,
while a few studies adopt 32 channels. The detection
threshold and preamplifier gain are both configured to
40 dB. However, depending on the experimental condi-
tions, the threshold settings for some studies differed, such
as 28 dB (Fan et al., 2023), 34 dB (Wang et al., 2024), 35 dB
(Chen et al., 2023), and 45 dB (Meng et al., 2020; Zhou
et al., 2024). In Ishida et al. (2010), the AE signal captured
by each AE sensor is amplified through a two-stage pro-
cess, achieving a total gain of 100 dB—specifically, 40 dB
from the preamplifier and an additional 60 dB from the
main amplifier. The sampling frequency is mainly within
a frequency range of 0.5-10 MHz.

The types of AE sensors mainly include Nano-30 (Jiang
et al., 2022; Zhang et al., 2020; Wang et al., 2022; Li et al.,
2021; Liu et al., 2022b; Li et al., 2015; Xu et al., 2024),
PICO (Meng et al., 2020; Zhang et al., 2020b, 2020d;
Zhou et al., 2024; Zhang et al., 2021; Wang et al., 2020;
Li et al., 2015; Jiang et al., 2023; Zhou et al., 2016; Li
et al., 2022; Meng et al., 2016), RS (Wang et al., 2024;
Hu et al., 2024; Guo et al., 2022) and WD broadband
(Zhang et al., 2023; Miao et al., 2024a). Few applications
have utilized the most basic configuration, which consists
of just a single sensor. This setup allows for counting the
AE event rate through the analysis of the acquired signals.
Commercial AE systems commonly provide parameters
including energy, peak amplitude, rise time, event duration,
and count data. For more advanced AE monitoring, the
majority of studies listed in Tables 1-4 utilized configura-
tions with up to eight sensors. Multi-channel applications
offer the dual advantage of enhancing the precision in
locating AE events while also supporting advanced evalua-
tions, including methods to determine the source mecha-
nism. Although both resonant and wideband sensors are
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Fig. 2. Typical AE monitoring system for direct shear tests on fractured
rock samples (a) before shear, (b) during shear; (c) AE detection system,
and (d) transient AE wave induced by asperity damage (after Chen et al.,
2020; Grosse et al., 2022).

currently in use, there is a growing preference for wideband
sensors. Their signals more closely match the original
waveforms, which is essential for accurate reproductions
and further analyses.

It should be noted that when counting AE events, at
least two sensors are required to verify the sensor place-
ment and differentiate AE signals from background noise.
A minimum of five sensors is necessary to achieve 3D AE
source positioning. This requirement arises from the pres-
ence of four unknowns, namely, the spatial coordinates
(x, y, z) of the source and the time of occurrence ¢. Addi-
tionally, the equation of quadratic distance is also a signif-
icant factor. Moreover, each equation has inherent
experimental inaccuracies, such as uncertainties in sensor
positioning, differences in arrival times, and velocity esti-
mations. Therefore, at least five equations derived from five
different sensors are required to overdetermine the system
of equations. Usually, additional sensors are utilized to
enhance the precision of source localization through opti-
mization (Grosse et al., 2022; Ishida et al., 2017;
Moradian et al., 2012a; Carpinteri et al., 2012).

The summarized researches on the shear behavior of
rock fractures and corresponding AE characteristics in

Tables 1-4 are classified into four categories based on the
main objectives of the researches: deformation/damage
process and mechanism (Table 1), fundamental shear
behavior (Table 2), influencing factor analysis (Table 3),
and shear parameter characterization (Table 4). Among
these studies, there may be some that involve both the
research content of influencing factors and fracture mecha-
nisms. However, the classification is mainly based on the
core innovation issues of the researches. Overall, in the field
of the shear behavior and AE characteristics of rock frac-
tures, most studies are oriented towards the specific practi-
cal background of rock engineering, e.g., carthquake
prediction (Wang et al., 2006; Ishida et al., 2010), rock
engineering such as hydraulic engineering, mining engi-
neering and tunnel engineering (Li et al., 2015; Li et al.,
2021; Jiang et al., 2022; Liu et al., 2022a, 2022b; Zhou
et al., 2024), extreme conditions such as rock engineering
in cold regions (Zhang et al., 2022) and dry hot rock mass
with ultra-high temperature and high pressure (Liu et al.,
2024), deep rock engineering related to geothermal and
geological disposal of high-level radioactive waste in the
field of energy (Chen et al., 2020; Bi et al., 2023; Meng
et al., 2024; Wang et al., 2024). There are also some studies
applying the research methods and findings of the labora-
tory experiments to large-scale model tests or engineering
disaster tests (Ishida et al., 2010; Ren et al., 2020).

More researches focus on the deformation/damage
mechanism and influencing factor analysis, while there is
a relative scarcity of studies dedicated to quantitative char-
acterization of parameters and theoretical or empirical
models. In terms of microscopic fracture properties of rock
fractures and the response of AE waveform signals during
the shear failure process, a universal set of technical meth-
ods has been formed. Combining the damage warning pro-
vided by AE signals with the monitoring of earthquakes
and related rock engineering, the research results can be
obtained regarding precursory information based on the
repetition period, and waveform parameters of earth-
quakes, as well as the post-earthquake development trend
(Wang et al., 2006). By drawing an analogy between the
stress conditions in laboratory experiments and the
in situ stress state of seismogenic geological structures,
and by using small-scale, discontinuous rock fracture spec-
imens to represent discontinuous rock masses at the engi-
neering scale, the understanding of heterogeneous rock
fracture mechanisms can be obtained from these tests,
thereby facilitating a mechanistic interpretation of earth-
quake processes. Furthermore, these insights provide a
valuable foundation for AE monitoring applications in
rock engineering (e.g., rockburst prediction in mines and
fracture monitoring around large underground caverns)
and offer informed guidance for the optimized design of
rock slopes and underground excavations (Ishida et al.,
2010; Miao et al., 2024a, 2024b).

Studies have systematically explored multi-scale fac-
tors governing shear behavior of rock fracture, ranging
from the microscopic fracture morphology (e.g., rough-
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ness of rough fractures) (Meng et al., 2018; Zhang et al.,
2019; Liu et al., 2023) and mesoscale structural geometry
(e.g., rock bridge length, orientation of discontinuous
joints) (Chen et al., 2015; Zhou et al., 2016; Guo
et al., 2020) to macroscale medium conditions (e.g., nat-
ural coal-rock interfaces, fracture infill, and anchorage)
(Li et al., 2015; Moradian et al., 2012b; Wang et al.,
2018; Guo et al., 2022, 2024) and boundary conditions
(e.g., normal stress, normal stiffness and shear rate)
(Xu et al., 2016; Meng et al., 2019; Wang et al., 2020).
These findings contribute to critical insights into the
mechanisms and influencing factors controlling fault slip
and rockburst in underground engineering, thereby aid-
ing in the mitigation of geohazards triggered by shear
failure along rock discontinuities. As research in this field
has deepened, a notable trend in recent years is the
expansion of systematic shear behavior researches from
purely fundamental mechanical studies to multi-
coupling processes. Researches now increasingly focus
on the effects of hydraulic and thermal field on shear
behavior, with variables including water saturation and
temperature (Chen et al., 2020; Wang et al., 2021;
Zhang et al., 2022; Bi et al.,, 2023; Liu et al., 2024;
Meng et al., 2024; Wang et al., 2024), driven by the
practical demands of deep underground rock engineering.

In parallel, advances in computational power have
enabled the integration of experimental and numerical sim-
ulation to study fracture processes (Zhang et al., 2019; Liu
et al., 2024). Developments in artificial intelligence, partic-
ularly machine learning, have already started to be applied
to AE signal parameters for discriminating microcrack
properties (Qin et al., 2023; Ren et al., 2023).

While a systematic understanding of the qualitative rela-
tionship between rock fracture shear behavior and AE
characteristics has been well established, researches on
their quantitative correlations and the development of the-
oretical or empirical models remains limited. This gap
directly leads to a lack of practical methodologies for fea-
sible application and specific predictive judgment in actual
rock engineering. The disconnect between laboratory
experiments and complex in situ conditions stems largely
from this very shortfall, pinpointing a critical direction
for future fundamental research. Furthermore, when inte-
grating artificial intelligence, particularly data-driven
machine learning approaches, the absence of theoretical
or empirical knowledge as prior guidance presents signifi-
cant limitations. Models that rely entirely on data may cap-
ture spurious correlations without revealing the true causal
physical mechanisms linking input AE parameters to out-
put damage modes. Consequently, even models demon-
strating high accuracy are often tailored to specific
datasets, failing to reflect universal principles. This results
in poor robustness of conclusions, limited extrapolation
capability, and weak generalization power to new
scenarios.

2.3 Data analysis and interpretation

The shear parameters obtained from the tests encom-
pass shear strain, shear displacement, shear stress, normal
displacement, and normal stress. Utilizing these fundamen-
tal parameters, additional metrics such as the friction coef-
ficient, peak shear strength, internal friction angle,
cohesion, and energy can be computed. AE monitoring
yields key parameters like magnitude, hit rate, energy rate,
and count rate. AE analysis methods primarily fall into two
categories: time-domain and amplitude-domain methods
(Table 5). Time-domain methods typically focus on identi-
fying distinct temporal onsets, which play a critical role in
applications like source localization. By comparison,
amplitude-domain methods generally focus on assessing
the AE energy to estimate the magnitude of an AE event.
Note that event location and signals from multiple sensors
are essential for accurately assessing the magnitude of an
individual signal. Both time-domain and amplitude-
domain methods utilize statistical frequency distributions
to establish empirical relationships (Grosse et al., 2022).

To characterize the distribution of AE events and locate
cracks during shear, at least five sensors are typically
required (Ishida et al., 2017). The AE event location is
determined based on the time differences in signal arrivals
across multiple sensors, the sensor arrangement, and the
velocity of propagation within the rock specimen. The
least-squares interaction method is commonly employed
to determine the source location. The following equation
is required to be solved (Moradian et al., 2012a):

(X,-*Xp)er(Yt*Yp>2+(Zi*Zp)2:|S7S"|2’ (3)

where X,, Y}, and Z, represent the actual spatial coordi-
nates of the AE event S occurring at the time #,; X;, Y,
and Z; (i =1, 2, 3,..., n) denote the coordinates of sensor
S;. Under the assumption of the rock heterogeneity, the
distance from the source S to the sensor S; in Cartesian
space is expressed as (Anzani et al., 2008):

IS —Si| = Vi(ti - fp)7 (4)

where #; denotes the time of arrival, and V; represents the
velocity of AE events detected by sensor S;. The unknown
coordinates X, Y,, Z, and occurring time f, can be
derived by solving Egs. (3) and (4) using data from AE sen-
sors (Chen et al., 2020). More detailed information about
calculating AE source localization can be found in
Carpinteri et al. (2012). However, the equation formally
corresponds to the extremum of the objective function,
which might possess several extrema. Wang et al. (2018)
noted that applying the least squares method to solve the
normal equations can yield multiple solutions. The normal
equation cannot ensure that the obtained extremum corre-
sponds to the minimum solution under the condition of
multiple extrema. Therefore, an alternative approach
involves solving the equation and conducting a multidi-
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mensional minimum search to progressively refine and
optimize the solution.

There is a consensus in AE research that the fracture
mode governs the resulting signal characteristics. The rela-
tive proportion of various wave modes excited by the
source plays a key role in the analysis of crack properties
during the shearing process, typically conducted by the
ratio of rise time to amplitude (RA) and average frequency
(AF). The core of this method is focused on the relation-
ship between two time-domain parameters. Generally, a
tensile crack primarily emits most of the energy in longitu-
dinal waves, caused by the opposing displacement of crack
surfaces perpendicular to the plane. A localized volumetric
change around the crack tip is induced. These waves prop-
agate at higher speeds and exhibit greater amplitudes and
frequencies, compared to those produced by shear cracks
(Ohno & Ohtsu, 2010). Consequently, signals exhibiting
high AF values combined with low RA values are consid-
ered indicative of tensile cracks, which are located along
the y-axis. In contrast, shear cracks generally induce a
shape change rather than a volumetric change. The charac-
teristic signal signature of higher RA and lower AF values
is primarily caused by the shear waves with a significant
portion of the AE energy and a later arrival than the faster
longitudinal waves. Therefore, signals with low AF values
and high RA values are indicative of shear crack forma-
tion, which are located along the x-axis. The criterion of
division is defined by a straight line that passes through
the coordinate system origin and has a slope of k, which
partitions the entire coordinate into two distinct regions
(Ren et al., 2020; Sun et al., 2024). However, the division
criterion is not well-determined, which will vary with the
material, loading conditions, and AE apparatus. For exam-
ple, the slope k is generally 200 for concrete that is obtained
in Ohno and Ohtsu (2010), and 4.995 for granite under
direct shear tests, which is adopted in Wang et al. (2023).
Methods for determining this slope & broadly fall into
two categories. For the first approach, the percentages of
tensile and shear events are initially determined using other
techniques, and these percentages are then used to establish
the slope of the criterion line. A representative study by
Ohno and Ohtsu (2010) applied moment tensor analysis
of AE signal sources to define the criterion for concrete.
The other method established the criterion line directly
based on known or hypothesized fracture mechanisms
(Fan et al., 2023). The slope k of the straight line can be
calculated based on the AE signals generated during tensile
failures through three-point bending (TPB) or Brazilian
splitting tests, and shear failures induced by a direct shear
test for a smooth joint. Wang et al. (2023) determined the
slope k of the classification criterion for granite in this
approach. In any tests, this division criterion hinges on
the experimental configurations, including the sensor type
and distribution. The attenuation of waveform significantly
diminishes amplitude and frequency. Therefore, the results
exhibit a distinct dependence on sensor positioning relative
to the signal source (Grosse et al., 2022; Farhidzadeh et al.,

2014). This positional influence manifests clearly in wave-
form parameters and ultimately compromises classification
accuracy.

Through RA-AF analysis, the allocation of crack types
throughout the process of fracture propagation and the
propagation of failure modes at different shearing stages
can be investigated (Liu et al., 2022a; Miao et al., 2024a;
Wang et al., 2024; Zhou et al., 2024). Other studies have
calculated the unit dissipative energy of tensile and shear
based on RA-AF analysis and analyzed the energy dissipa-
tion mechanisms during the failure process (Ren et al.,
2020). The energy required to generate unit shear and ten-
sion cracks is calculated based on Egs. (5) and (6) (Chen
et al., 2019; Ren et al., 2020):

£ =Y u A, 5
E = Zut - Ay, (6)

where us; and u, represent the per-unit-area energy
required to generate shear and tension cracks; A4 and
A, denote the effective areas associated with shear and
tension cracks.

Another parameter for measuring the law of crack evo-
lution is b-value, which represents the relation between fre-
quency and AE magnitude. The b-value is initially
calculated based on seismic parameters (Gutenberg &
Richter, 1936), with the calculation equation expressed as
1gN = a — b X M. Here, M denotes the earthquake magni-
tude, while N denotes the corresponding earthquake fre-
quency; a is an empirical parameter; b is the b-value,
which geometrically corresponds to the slope of the fitted
line. The mechanical behavior of rock failure under exter-
nal load is analogous to earthquakes, and it is from this
analogy that the concept of the AE b-value originates.
The principle is that the AE signature tends to exhibit an
inverse relationship between event frequency and ampli-
tude: microcracks yield more low-amplitude events, while
macrocrack growth results in fewer high-amplitude events
(Xu et al., 2018). The AE b-value represents the
logarithmic-linear gradient of the frequency-magnitude
relationship of AEs. The calculation formula is (Zhang
et al., 2022; Meng et al., 2020):

A

lgNAE:a—b%, (7)
where Agp is the maximum amplitude of the AE hits,
expressed in decibels; Nag is the cumulative frequency that
AE amplitude is greater than Agp, Aqg = 101g42.., = 20lg
Amax, and A, 1s the peak of the AE event amplitude in
millivolts (Colombo et al., 2003; Meng et al., 2020; Zhou
et al., 2024). The more common method for determining
the b-value is to adopt the least squares method. However,
some studies have employed the maximum likelihood
method, offering greater convenience and reducing error
as the number of samples increases (Chen et al., 2023;
Zhai et al., 2022). The calculation equation is presented
below:
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nlge
b= ST (milgd) —nlgdmn’ ®)
where A; is the AE event amplitude; n; denotes the AE
energy with an amplitude of A;; A, represents the mini-
mum value of amplitude observed in the calculation dura-
tion; n is the total number of AE events; e is the natural
constant.

The b-value quantifies the relative proportion of low-
amplitude events compared to high-amplitude events. A
higher b-value represents more low-amplitude AE events,
while a lower b-value corresponds to more high-
amplitude events. The reduction in the AE b-value indi-
cates the frequent occurrence of high-amplitude, energetic
events (Meng et al., 2019; Zhang et al., 2020b; Fan et al.,
2022; Long et al., 2024; Miao et al., 2024a), suggesting
crack coalescence and more macrocracking. Conversely, a
higher b-value corresponds to more microcracking
(Goebel et al., 2013; Nejati & Ghazvinian, 2014). There-
fore, the difference of h-value over time is capable of assess-
ing the relative relation of crack propagation and variation,
while also characterizing the evolutionary patterns of
cracks across various scales (Zhang et al., 2022). In addi-
tion, decreasing b-values illustrate that microcracks rapidly
expand as an unstable state, and the energy released during
microcracking becomes increasingly violent (Zhang et al.,
2020b; Meng et al., 2019). This parameter can serve as an
effective index for characterizing rock microcrack activity
intensity (Bi et al., 2023).

3 Relationship between shear behavior and AE parameters

3.1 Shear behavior and AE characteristics during different
shear phases

Table 6 provides a comprehensive overview of shear
behavior and AE characteristics during various shear
phases. Owing to their distinct research focuses, different
studies delineated stages based on the characteristics of dif-
ferent parameter curves, and subsequently investigated the
shear mechanism and AE characteristics of each stage. In
general, rock fractures exhibit comparable shear behaviors,
as shown in Fig. 3. Three stages of the shear process can be
divided according to the shear stress-shear displacement
curves (Zhao, 2023):

(1) Quasi-elastic stage (I) where the shear stress rises lin-
early with the growth of the shear displacement
Increases;

(2) Failure stage (II) marked by a nonlinear rise in shear
stress toward the peak shear strength, followed by a
sharp decline;

(3) Residual shear stage (III) in which the shear stress
stabilizes during subsequent shearing.

For rocks with primary pores or pre-existing microc-
racks, such as sandstone and rock-like materials, a com-
paction stage may precede the elastic stage at the

beginning of the test. During this compaction stage, the
shear stiffness increases as microcracks close and gaps
between the specimen and shear boxes are eliminated under
the application of shear force. The stress-displacement
curves are concave-up. With the increase of shear displace-
ment, the increment of shear stress gradually ascends and
eventually reaches a stable level (Wang et al., 2023; Liu
et al., 2024). During the quasi-clastic stage, the samples
undergo elastic deformation, and shear stress rises linearly
with displacement. No cracks occur on the surface of the
specimen, while no AEs are detected. During the failure
stage, the shear stress—strain curve is characterized by a
nonlinear increase with a gradually decreasing slope. AEs
begin to occur, originating from crack generation and evo-
lution within the contact surfaces. Upon reaching peak
shear strength, shear stress drops significantly. The major-
ity of asperities facing the shearing direction undergo
crushing, indicating an unstable fracture propagation
phase. AE counts and energy rates surge abruptly, leading
to convex-shaped cumulative AE curves. In the residual
shear stage, the fracture asperities are progressively
crushed under compression and shear, resulting in residual
friction becoming the dominant strength of the joint. AE
emissions gradually decrease, with low but fluctuating AE
counts and energy rates, and corresponding cumulative
values increase slowly.

Through normal displacement-shear displacement
curves, the shear process can be divided into distinct stages
from the perspective of normal deformation. However, dif-
ferent researches yield inconsistent experimental results.
Shang et al. (2021) divided the shear process into three
stages: (1) slight shear dilation; (2) shear contraction; (3)
rapid shear dilation. Zhang et al. (2020d) found that the
stage division of normal displacement closely corresponds
with the division of the shear process, identifying five
stages: (1) initial contraction, a minor contraction results
from the compaction of joints and primary defects within
the specimen, and AE signals are not active; (2) linear dila-
tion, dilation initiates and sustains a nearly linear increase,
and AE hit rate and energy obviously rise caused by micro-
cracks generation and accumulation; (3) reloading, the
macro shear fractures are reactivated, leading to a subse-
quent increment of shear stress and dilation, accompanied
by notable sharp increase in both the hit rate and energy;
(4) frictional dilation, as the shear stress gradually declines,
dilation experiences a significant nonlinear increase, result-
ing from the friction between the two contacting surfaces of
rough fracture. Additionally, a small number of active AE
signals remain detectable, caused by the sliding, rotation or
fragmentation of rock blocks, or generated by the failure of
rock bridge debris; (5) residual, both the shear stress and
dilation gradually stabilize, and the hit rate and energy
remain at a minimal level.

Although various cumulative AE parameter curves
exist, their overall trends are generally consistent, exhibit-
ing an approximate “S” shape (Fig. 3). Therefore, a cumu-
lative AE parameter curve is divided into three stages: (1) a
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Table 6

Representative shear phase division with the corresponding shear behavior and AE characteristics.

Basis for division

Authors Total
number

of phases

Phase title

Shear behaviors

AE characteristics

Shear stress- shear

displacement curve

Zhang et al., 2022; 4
Zhang et al., 2023;

Liu et al., 2024

Luo et al., 2022; 4
Chen et al., 2023;
Guo et al., 2024;

Zhou et al., 2024

Wang et al., 2024 6

Zhang et al., 2020 3

Meng et al., 2024 3

Zhu et al., 2023 4

Wang et al., 2020 3

Moradian et al., 4
2010, 2012b; Zhang

et al., 2019; Yuan

et al., 2021; Bao

et al., 2024

Shang et al., 2021 3

Compaction

Elasticity and yield

Failure

Residual

Compaction

Linear-elastic

Nonlinear

Post-peak

Compaction

Quasi-elastic

Stress-hardening (IIT and IV)

Stress-drop

Residual

Quasi-elastic

Strain-softening

Friction sliding

Shear stress accumulation
Post-peak stress drop

Residual sliding with stick—slip
Elastic

Damage

Strength rebound

Residual stress
Linear
Stress-softening
Residual

Pre-peak linear
Pre-peak non-linear
Post-peak

Residual
Compaction

Quasi-elastic
Failure

The primary pores and cracks are initially compressed, with the shear stiffness increasing.

Shear stiffness stabilizes while plastic yielding progresses to peak shear strength. Microcracks start
to initiate and propagate, gradually creating a shear plane. Tension cracks also develop at the
crack tip.

The shear plane gradually and completely penetrated, and the sample was damaged, resulting in
climbing or slipping. The reduction in shear stress shows post-peak softening behavior.

The specimen rubs and slides along the shear plane. The shear stress oscillates near the residual
strength.

The shear stress shows a concave upward trend with increasing shear deformation. The initial
micro-defects within the specimens are closing.

A linear relation exists between shear stress and strain.

The shear stress surpasses the yield threshold. The shear stress—strain curve increases nonlinearly
and fluctuates until the peak shear strength, caused by the initiation and expansion of microscopic
and macroscopic cracks.

The shear stress substantially drops, then experiences a slight increase, and finally stabilizes.

The shear behavior curves exhibit an upward concave trend due to the compression of primary
defects.

Shear stress exhibits an approximately linear increase. A few microcracks are generated, and the
friction behavior of closed rough fracture occurs.

Shear stress exhibits a nonlinear increase and reaches a yield threshold.

Shear stress remains a nonlinear increase pattern until peak shear strength, but slower than at
stage I11. Asperity damage significantly increases.

Shear stress decreases gradually and slightly.

Shear stress remains largely constant with only minor fluctuations. Intermittent stick-slip was
detected, and a greater stress drop corresponds to a louder sound.

The normal displacement gradually increases, while the shear stress shows a linear increasing
trend.

Two stages occur. During the brittle drop stage, the normal displacement increases rapidly, while
shear stress and friction coefficient plummet post-peak. In the wear stage, the normal
displacement peaks, while shear stress and friction coefficient decrease to residuals, marking
asperity shearing onset.

The friction coefficient stabilizes. The normal displacement gradually decreases. The fractured
grout asperity is ground smooth.

Shear stress decreases sharply.

No surface cracks appear. Shear stress and displacement are nearly linearly related.

The gradient of the shear stress-shear displacement curve gradually rises.

Shear stress hits peak strength as the rock bridge breaks and cracks coalesce, making a loud
sound. Stress drops instantly after rock bridge penetration due to brittle fracture. Shearing shifts
to mainly joint shearing.

Asperities fracture and dislocate, leading to the gradual formation of a new wear zone and
providing the residual shear strength.

Shear stress grows linearly until it peaks.

Lower normal stiffness contributes to the occurrence of stress softening. Higher normal stiffness
reduces this tendency and promotes stress hardening.

Shear stress gradually decreases.

Samples deform elastically.

Sample deformation transitions into a stable crack propagation stage.

Shear stress drops sharply. Sample deforms in an unstable crack growth stage with gradual
damage increasing. After the major peak, smaller peaks appear due to the damage of asperities.
After most asperities shear off, sliding along the joint dominates. Sample deformation stabilizes.
The low contact rate remains nearly unchanged.

The shear stress gradually increases.

The shear stress rises linearly as the shear displacement progresses.

The shear stress rises nonlinearly to a peak, followed by a drop due to unstable crack growth.

The AE cumulative curve increases slowly.
The quantity of AE events remains stable at a relatively low level during the elastic phase but
increases at an accelerating rate during the yield stage.

The number of AE events reaches its peak.

The quantity of AE events stably remains high. Weak AE activity is still generated by friction.

AE activity remains very low. Few AE counts are monitored.

AE activity gets into the “quiet period”.
AE activity increased significantly, reaching the highest intensity in the vicinity of peak shear
strength. AE activity transitions into the “active period”.

A few AE events are detected due to asperity damage caused by combined normal compressive
and shear stress.

AE activity maintains a low level.

AE count rate shows a gradual increase, yet it remains relatively low.

AE count rate increases rapidly.

AE count rate decreases slightly.
AE count rate rises suddenly caused by stick-slip events.

AE signals are quiet, with minor AE energy peaks observed as dilatational slip surfaces form. The
AE energy rate rises significantly when reaching 90% of peak shear strength.

AE signals exhibit high activity and energy rate peaks. The cumulative AE energy rate shows a
monotonic increase.

The AE energy rate quickly drops to zero and stabilizes, with some minor peaks.

AE activity remains low until half of the peak shear stress is reached.

The energy release becomes more intense due to brittle asperities cracking, sliding, and ploughing.

AE energy rate peaks near peak shear strength during rock bridge failure.
Shear stress abruptly drops, while AE energy rate peaks. The accumulated AE energy curve rises
sharply.

AE activity surges, with minor stress drops matching the upsurges in the energy rate curve. In the
late stage, AE activity quiets down, and cumulative AE energy stabilizes.

The AE count and energy rate peak at the peak shear strength. The accumulated AE signals
remain minimal.

The AE count rate and energy decline. The accumulative AE signals significantly rise.

The AE count rate and energy show minor fluctuations, with cumulative AE signals slowly rising.
AEs remain low or even zero.

Some AEs occur, due to crack generation and propagation.

AE:s increase substantially to a peak near shear strength.

AEs reach a low value and remain constant. Smaller AE energy peaks occur due to certain
asperities.
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Table 6 (continued)

AE characteristics

Shear behaviors

Phase title

Total

Authors

Basis for division

number

of phases

No AE event occurs.

The structural plane experiences elastic shear deformation.

Elastic

4

2022

Shear stress curves and Kong et al.,

A few AE events occur, with a little energy released.

Crack initiation The rough structural plane deteriorates, but overall damage remains low.

cumulative AE

AE events increase, and a large sound is produced.

The shear stress plummets as the asperities are severely sheared off, showing stick-slip

Peak failure

parameter curves

characteristics.

AE events are significantly lower, yet numerous AE events and sounds still occur, particularly

Post-peak failure

under high normal stress.

Few AE events are detected but quite low.

The microcracks are initially rearranged by shearing. Almost no shear dilation occurs.

Initial

2023

Fan et al.,

Shear stress and dilatancy curves rise linearly, with no significant strain localization.

Elastic deformation

AE activity significantly increases in intensity.

Microcracks activate, linear elasticity ceases, and an elliptical shear band forms.

Crack stable propagation

The cumulative AE counts surge with a stable slope, while cumulative AE energy shows several

Microcracks in the shear band coalesce, forming an inclined macrocrack.

Crack coalescence

step-like jumps.

At peak stress, the sample undergoes macroscopic shear failure, with shear stress plummeting to —

Post-peak

residual strength, indicating typical brittle failure.

A minor AE signal occurs near the fracture tip.

The fracture surface undergoes a gradual compression process.

Fracture compaction

., 2020 5

Guo et al

Cracking process/AE
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The AE signal initiates.

Forward and reverse fractures occur sequentially around the rock bridge.

New fracture development

position

The region of rock bridge experiences some rotation. During the rotation, the fracture surface

Fracture instability and

expansion

penetrates.

There are through macro fractures.

Fracture transfixion

Numerous AE signals are generated. The AE signal rises linearly with a reduction of intensity.

Specimen overall instability and The joint slides, relying on the static friction along the fracture surface.

sliding

“quiet” stage during the early shearing; (2) a rapid increase
stage until the peak shear strength; (3) a stable growth
stage following the peak (Shang et al., 2021; Zhang et al.,
2023; Wang et al., 2024). A more precise description
includes a slow increase period between the quiet period
and the rapid increase period, indicating the onset and pro-
gression of microcracks. The initial crack threshold typi-
cally corresponds to a level where the quantity of
microcracks accounts for approximately 2% of the overall
total. During the rapid increase stage, a substantial number
of microcracks emerge, expand rapidly, and macroscopic
rupture begins. Critical rock mass damage occurs when
microcracks gradually propagate, extend, and merge, even-
tually forming macroscopic failure zones and areas of ten-
sile spalling. The transition point from the slow increase
period to the rapid increase period can be regarded as the
crack damage stress (Wu et al., 2025).

The characteristics of different stages of the shearing
behavior have been generally clarified. Some recent studies
focus on conducting more detailed studies on the features
of a specific stage. Meng et al. (2018) paid attention to
the stick—slip behavior of the post-peak stage. For both
granite joint types in their research, stick—slip occurs during
the post-peak stage with increasing normal stress. During
periodic stress oscillation, the peak of each stick—slip cycle
remains nearly constant under a specific normal stress con-
dition. Additionally, during the stick—slip process, the mag-
nitude of stress drop generally rises with higher normal
stress levels.

3.2 Microcrack properties and evolution characteristics

The AE characteristics, such as the b-value, the propor-
tion of rise time to amplitude (RA) and average frequency
(AF), offer valuable insights to deeply understand the prop-
erties and propagation characteristics of microcracks.
These parameters can be used to monitor the progression
of microcrack activity and predict the onset of macroscopic
failure.

The development of the b-value reflects the gradual fail-
ure progression. Generally, changes in b-value are inversely
related to AE counts. A reduction in the b-value is typically
associated with a significant increment of AE counts (Zhou
et al., 2024). Marked variations in the b-value map onto the
various stages of rock deformation and the progression of
crack. The consistently high-level h-value prior to the onset
of the nonlinear stage suggests that the increase and devel-
opment of minor ruptures within the rock samples predom-
inantly occur during the compaction and quasi-elastic
phases and result in AE events. The shear stress peaks,
accompanied by the pronounced declining trend of the b-
value (Fig. 4(a)). This indicates the formation, extension,
and coalescence of a substantial quantity of microscopic
cracks during the subsequent shearing stages, ultimately
leading to macroscopic failure after the peak shear strength
point (Meng et al., 2020; Zhang et al., 2022; Zhou et al.,
2024). Miao et al. (2024a) confirmed the good consistency
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between the localization band of surface strain and the
reduction in the b-value through the monitoring of the sur-
face strain field by DIC in combination with AE technol-
ogy. During the post-peak stage, with the increase in the
shear displacement, the AE b-value remains roughly at a
constant level. Nevertheless, minor variations and certain
dispersed data points of b-value may correspond to local-
ized wear or even gnawing breaks of fracture asperities
(Miao et al., 2024a). This observation further implies that
a reduction in the b-value generally precedes a significant
increment of AE counts, suggesting an impending large-
scale fracture or failure. This continuous decline in the b-

value prior to the peak strength serves as an indicator for
predicting the abrupt activation of fractures or faults, aid-
ing in early warnings for potential disasters (Meng et al.,
2016, 2020; Teng et al., 2023).

Furthermore, the b-value variation is also related to
the test conditions. The rougher the fracture surface,
the higher frequency of magnitude event alternation dur-
ing the shear process, and the more severe fluctuations in
the b-value (Liu et al., 2023). A higher shearing rate of
rock fractures may lead to an increase in the percentage
of great-magnitude AE events, which results in a lower
b-value (Meng et al., 2019). Similarly, higher normal
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stress essentially results in a reduced AE b-value (Zhang
et al., 2020b; Fan et al., 2022). The energy released dur-
ing microcracking becomes increasingly violent with a
lower b-value. Note that the influence of the damage
process is essential to take into account, when utilizing
the b-value for predicting and analyzing damage in
heat-treated rocks. The thermally-induced expansion
enhances the contact between surfaces within defects
and mineral grains, which stimulates the formation of
macrocracks during shearing. The results of research sug-
gest that the b-value tends to decline with rising temper-
ature (Bi et al., 2023).

However, when using the b-value to analyze the phase
and extent of rock damage, there are certain applicability
and limitations. Due to the interior relation with statistics,
when the shear stress level is low with a small amount of
microcracks and AE events, the b-value may be challenging
to truly reflect the stress state and crack distribution. In
addition, the b-value is determined by the AE amplitude-
frequency relationship, which is closely related to the selec-
tion of stress level and amplitude range. Different ampli-
tude ranges may result in different calculated outcomes of
b-value. Therefore, the evolution trend of b-value with
the stress state is sufficient as a qualitative analysis. Using
the quantitative relationship of b-values to evaluate the
rock damage process, such as taking a certain definite b-
value as the failure threshold, may not be reliable. More
criteria and unified standards are still needed. Further-
more, when attempting to enhance the precision of the
stress threshold by narrowing the stress range, it comes at
the expense of AE data volume, which may reduce the reli-
ability of the b-value due to insufficient statistics (Kim
et al., 2015).

For the discrimination of crack properties using RA and
AF, the findings obtained from different studies do not
exhibit the same level of consistency and universality as
the b-value. The potential objective reason for the discrep-
ancies lies in the varying definitions and boundaries of ten-
sile and shear cracks adopted across different studies
(Section 2.3). Moreover, while this method for determining
the properties of cracks can distinguish AE signals to ana-
lyze the microscopic mechanism of the fracture process, it
is not as robust as the b-value method.

Generally, there are some common understandings.
During direct shear tests, the majority of AE events appear
due to the initiation of microscopic shear cracks, while ten-
sile cracks also occur from the beginning to the end. Com-
pared to the pre-peak stage, more microscopic shear cracks
develop in rock samples post-peak. Additionally, higher
normal stress leads to a higher proportion of AE signals
occurring within low-frequency bands (Fig. 4(b)). This sug-
gests that higher normal stress applied to the specimens
tends to produce more microscopic shear cracks (Wang
et al., 2024; Miao et al., 2024a; Fan et al., 2023). In con-
trast, based on the evolution process of fracture failure
types in sandstone, Liu et al. (2022a) found that the pri-
mary failure type and its occurrence during the shearing

process undergo changes with the increasing normal stress,
transitioning from shear failure to a combination of tensile
and shear failure, and ultimately evolving into pure tensile
failure. A comparable evolution process is also observed in
marble and granite fractures, and the reasons for these
results are still worth exploring (Liu et al., 2022a).

For the identification of the boundary for tensile and
shear fractures using the RA-AF method, the dependence
on user subjectivity diminishes objectivity and reliability
(Nguyen-Tat et al., 2018). There is no absolute standard
for the selection of the distinguishing criterion of tensile
cracks and shear cracks, while the level of RA value or
AF value is relative. In addition, the attenuation of waves
causes changes in the waveform and parameters of the sig-
nal, which is an important reason that may affect the accu-
racy of classification. Due to the different experimental
materials, sensor arrangement types, etc., an absolute clas-
sification would require defining a fixed separation line a
priori for each experimental configuration. However, the
shift in parameters is often sufficient to provide an indica-
tor of crack mode transition (Grosse et al., 2022). This clas-
sification method has practical significance to meet the
demand.

3.3 AE prediction on asperity damage and peak shear
strength

Jiang et al. (2017) observed that AE is closely associated
with mechanical failure in the sheared granular materials.
In addition, acoustic amplitudes typically precede the onset
of global mechanical collapse. The degradation of fracture
asperities can be understood through the cumulative AE
hits and events, which exhibit an “S” shaped pattern and
can be divided into three stages: slow growth, fast growth,

r
Tp |
7“1—» E, = _[ rdy
‘1
1 | <
// ‘l Eua = EUC
/
l
/// | =
| 2
// | _%
Ge// : 205
A . |G.=nG
/ |
L 1
7 v

Fig. 5. Schematic diagram of the shear stress-strain curve and energy
release during the shear process. Note that 5 connects J and actual
energy E,.
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and slow growth stages (Meng et al., 2020). Therefore, to
further quantify the relation between AE energy and shear
damage, some researchers have explored linking AE energy
with parameters such as the volume damage variable of the
failure process zones and the damage volume of asperities,
etc. These investigations aim to enable a quantitative eval-
uation of damage progression. Exploiting the temporal fea-
tures of AE events and employing curve fitting techniques,
both notional and mathematical models of asperity dam-
age have been developed in Meng et al. (2020). Asperity
damage under a specific shear stress curve can be fore-
casted by utilizing these models. In Chen and Zhao
(2020), the clusters of AE events, characterized by higher
levels of AE energy, are discovered to be closely related
to the damage of fracture asperities induced by shear.
The quantitative relationship connecting asperity degrada-
tion with AE energy has been assessed. Bao et al. (2024)
analyzed the correlation between failure distribution and
AE energy derived from the spatial distribution features
of the fracture surface failure, and proposed a correlation
between the ratio of damage volume and the ratio of AE
energy.

Furthermore, one may be particularly interested in
directly predicting the strength of rock fractures, which
holds significant value for early warning systems in under-
ground engineering. Wu et al. (2025) proposed a prediction
model of peak shear strength for rough rock fractures
based on the AE energy ratio, which can be extended to flat
fractures and intact rocks. To develop a more universal and
explicit shear strength prediction method, data on peak
shear strength and accumulative AE energy from previous
studies are collected in this review, and the quantitative
correlation between peak shear strength and accumulative
AE energy is analyzed.

Although establishing a direct connection between peak
shear strength and AE energy is highly challenging, and
there is a lack of explanation regarding its physical signifi-
cance, the research approach of this review aims to construct
the connection from peak shear strength to AE energy
through two parts. The first part examines the relation
between peak shear strength and the actual energy release
during the pre-peak shear process. The second part explores
the relationship between the actual energy and AE energy.

As the schematic diagram in Fig. 5 illustrates, the rela-
tionship between actual shear energy and shear stress can
be expressed by the following equation:

Eua:/fd% (9)

where E,, is the energy released by a unit volume of rock
during the shearing process; t is shear stress; y is shear
strain.

However, directly monitoring the actual energy release
during the shear process using instruments is impractical,
and the shear stress—strain curve is typically nonlinear.
To facilitate the calculation of energy, the concept of an
equivalent modulus (G,) is proposed:

G, = 7]G, (10)

where 5 is the equivalent coefficient, and G is the shear
modulus of rock material. The equivalent modulus
allows the pre-peak shear energy, calculated by the linear
shear stress—strain relationship (indicated by the red tri-
angle in Fig. 5), to equal the actual shear energy (indi-
cated by the blue shadow in Fig. 5). Consequently, the
actual energy release can be calculated based on the
equivalent modulus:

T = Gy = nGy, (11a)

S
MG
(11b)

where Egcar 18 the pre-peak shear energy calculated based
on the equivalent modulus, with a unit of joule (J); 7, is
the peak shear strength; S is the area of the shear surface;
/ is the original length of the test specimen along the shear
direction.

To obtain the equivalent modulus, it is necessary to
explore the equivalent coefficient . We define:

Tp Tp
Eshear:/ TdV~S'l:/ nGydy-S-1=
0 0

J_ 1123 -8 1
T 2G (12)

The experimental data of J and E, are depicted in Fig. 6
(lab data of granite from Wang et al. (2023), Wang et al.
(2024), Meng et al. (2016, 2018, 2019, 2024), Chen et al.
(2020) and Chen and Zhao (2020); lab data of sandstone
from Zhou et al., 2024; Du et al., 2021; Kong et al.,
2022; Miao et al., 2024a; Zhao et al., 2023; lab data of
rock-like material from Zhu et al. (2023), Zhang et al.
(2020b, 2020c, 2020d, 2021) and Jiang et al. (2023); lab
data of rock-concrete/coal interface from Li et al. (2015),
Moradian et al. (2010, 2012b) and Chen et al. (2023).
The blue scattered points correspond to granite test data,
the red points to sandstone, the green points to rock-like
materials, and the yellow points to the rock-concrete/coal
interface. Identical colors and symbols denote data origi-
nating from the same research study. The short-dotted line
signifies the linear fitting curve. In this plot, the R of the
fitting curves are all marked, which are 0.811, 0.927,
0.718, and 0.830, respectively, for these four types of rocks,
namely granite, sandstone, rock-like materials, and rock-
concrete/coal interface. It can be inferred that J and E,
exhibit a strong linear correlation, which also confirms
the practical physical significance and feasibility of the pro-
posed equivalent modulus.

For each group of experiments with a specific shear
modulus G, the corresponding relationship between J and
E, was calculated, and the ratio n was determined
(Fig. 7) (Wang et al., 2023; Wang et al., 2024; Meng
et al., 2016, 2018, 2019, 2024; Chen et al., 2020, 2023;
Chen & Zhao, 2020; Zhou et al., 2024; Du et al., 2021;
Kong et al., 2022; Miao et al., 2024a; Zhao et al., 2023;
Zhu et al., 2023; Zhang et al., 2020b, 2020c, 2020d, 2021;
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Jiang et al., 2023; Li et al., 2015; Moradian et al., 2010,
2012b).

Through nonlinear fitting, it is found that J/E,, i.e.,
has a good nonlinear relationship with G:

n=4-(1-¢e9, (13)

where A is the fitting coefficient. In the fitting result here,
the value of A is 922.1. The R* of 0.77 verifies a good data
interpretation ability of the fitting curve. Due to the consis-
tent trend jointly shown by 5 and G of different types of
rock, this nonlinear fitting is performed on all experimental
data to establish the relationship between the shear modu-
lus G and equivalent modulus G,. In this study, 4 value is
the same across different rock types, that is, Eq. (13) is uni-
versal for samples of different rock types. This relationship
also indicates that when the shear modulus tends to be infi-
nitely large, the material does not undergo shear deforma-
tion, and the shear stress increases infinitely. Therefore, the
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Fig. 7. Scatter plot of G vs. J/E,.

released energy is zero, and # also tends to be zero. When
the shear modulus is very small, the material exhibits sig-
nificant ductility, with shear strain continuously increasing
until reaching the shear strength. At this time, 1 is relatively
high. This is consistent with the physical meaning. There-
fore, we can calculate the shear energy through the equiv-
alent modulus Gg:

‘L'f)-S~l
24 - (1 —e16) -G’

Eshear = (14)

Next, the relation between the actual shear energy and
accumulative AE energy is established. To accurately
reflect crack propagation in rock and predict the peak
shear strength in a timely manner, the focus is on the “S”
shaped feature of the cumulative AE energy curve. Specif-
ically, the cumulative AE energy corresponding to the
inflection point where the curvature growth rate changes
significantly in the second stage, the rapid growth stage,
prior to the peak, is selected as the research object. It is
hypothesized that a relation between the cumulative AE
energy (Eag) and the actual shear energy (F,) exists, as
mediated by the coefficient &:

E, = EAE. (15)

Therefore, according to the analysis of experimental
data from researches, it is evident that the ratio of actual
energy E, to AE energy Eag can be correlated with the
equivalent coefficient # through a nonlinear fitting expres-
sion (Fig. 8). Note that the varying AE energy data
adopted in different studies are inconsistent. Some studies
employed relative energy measured in units of mV-ms
(Wang et al., 2023; Wang et al.,, 2024; Meng et al.,
2016, 2018, 2019, 2024; Zhou et al., 2024; Zhu et al.,
2023; Jiang et al., 2023; Moradian et al., 2010, 2012b;
Chen et al., 2023; Du et al., 2021), whereas others used
absolute energy expressed in units of aJ (granite data
from Chen et al. (2020), Chen and Zhao (2020); sandstone
data from Miao et al. (2024a), Kong et al. (2022), and
Zhao et al. (2023)) or not clearly defined the unit of AE
energy (rock-like material data from Zhang et al
(2020b, 2020c, 2020d, 2021); rock-coal interface data from
Li et al. (2015)). Direct conversion and unification of
these two types of measurements are not feasible due to
their inherent differences, and there are also discrepancies
in the magnitude of values. Consequently, they have been
categorized into two distinct groups for separate analysis
based on the energy metric employed: one group using
AE energy in the unit of mV-ms and the other using abso-
lute energy in the unit of aJ or unitless AE energy. Fur-
thermore, data points clustered distinctly by lithology,
suggesting that separate calculations for each rock type
were more appropriate. Compared to AE energy, the
shear modulus has been an intrinsic physical property of
the material, and the equivalent coefficient # exhibits rel-
atively consistent characteristics across different rock
types. However, the coefficient ¢ connecting AE energy
and actual shear energy varies significantly among differ-
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ent materials, and a unified fitting curve cannot ade-
quately capture the data points, which would lead to
notable deviations. Consequently, individual nonlinear fits
were performed for each rock type. In Fig. 8, the solid
scatters represent the dataset of relative energy (unit of
mV-ms), whereas the hollow scatters correspond to the
dataset of absolute energy (unit of alJ) or unitless AE
energy. Different colors are used to distinguish data of
different types of rock. The dash lines are the nonlinear
fitting curves. Two groups of expressions are derived as
follows:

In (&) = —(ar — biIn(n, +c1)), (16)
In (&) = —=1/(a = baIn (i + c2))’, (17)

where &, is the ratio of actual energy E, to the cumulative
AE energy Eag measured in the unit of mV-ms; &, is the
ratio of actual energy E, to the cumulative absolute AE
energy measured in the unit of aJ or unitless AE energy;
n, and 5, are the equivalent coefficients corresponding to
each set of data; ay, a», by, by, ¢1, and ¢, are all the fitting
coefficients. According to the fitting results, for different
types of rocks, the corresponding models to calculate &
are the same, but the coefficients are different. For granite,
ay =3.602, by = 1.625, ¢; = —0.004, a, = 4.134, b, = 0.938,
¢, = 56.260. For sandstone, a; = 143.232, b; = 130.800,
cp = 2.704, a, = 0.290, b, = 0.016, ¢, = —-0.387. For
rock-like material, a; = 5.601, b; = 0.398, ¢; = —0.550,
a, = 0.325, b, = 0.012, ¢, = 0.135. For rock-concrete/
coal interface, a; = 2.089, b, = 1.783, ¢; = —0.001,
a, = 1458, b, = 0.379, ¢, = 18.936. Both coefficients &,
and &, relate the cumulative AE energy Eag to the actual

shear energy FE,. Based on the AE energy group (e.g.,
mV-ms or alJ) and rock lithology to which the experiment
data belong, the corresponding sub-model can be selected
for calculation and prediction. The R? of these fitting
curves basically exceed 0.6, indicating the data interpreta-
tion ability (Fig. 8).

Finally, an equation that clearly and directly correlates
the peak shear strength with the accumulated AE energy
has been established:

EEAE - 2nG
zp:\/i‘*;l . (18)

The AE energy can be obtained via real-time monitor-
ing, and the shear modulus can be determined either
through uniaxial compression tests or by utilizing the P-
wave velocity, density, and Poisson’s ratio. The shear
strength can be calculated and predicted through Eq.
(18). Besides, through this model, it also estimates the
actual energy release based on the AE energy.

Figure 9 presents the shear strength values calculated in
reverse using the proposed model (Wang et al., 2023; Wang
et al., 2024; Meng et al., 2016, 2018, 2019, 2024; Chen et al.,
2020, 2023; Chen & Zhao, 2020; Zhou et al., 2024; Du
et al., 2021; Kong et al., 2022; Miao et al., 2024a; Zhao
et al., 2023; Zhu et al., 2023; Zhang et al., 2020b, 2020c,
2020d, 2021; Jiang et al., 2023; Li et al., 2015; Moradian
et al., 2010, 2012b). The solid circle points represent the
dataset of relative energy (unit of mV-ms). The spherical
points correspond to the dataset of absolute energy (unit
of aJ) or unitless AE energy. The blue scattered points
are the test data of granite, the red ones are sandstone,
the green ones are rock-like materials, and the yellow ones
represent the rock-concrete/coal interface. The purple scat-
ters represent the data used for model verification, which
comes from the author’s experimental results (Wu et al.,
2025). The computed results are largely consistent with
the true values. Specifically, the slope of the linear fitting
curve for all data points is approximately equal to 1.0,
the intercept is zero, and the R? of the fitting is 0.88, indi-
cating the decent data interpretation ability, especially in
terms of noise in actual data. The grayish-purple represents
the 90% prediction band, which indicates the range of
uncertainty in the prediction of new observations at the
confidence level of 90%. The purple dotted line encloses
the 99.5% prediction zone, within which almost all the pre-
diction points fall. Notably, due to certain discrepancies
and uncertainties in the precision, thresholds, etc. of the
measured data in different studies, the data will exhibit a
certain degree of volatility. The author’s experimental
results are also supplemented for cross-validation (Wu
et al., 2025). These sets of test data did not participate in
the model derivation process but were directly used in the
final model for prediction. As indicated by the asterisk
symbols in Fig. 9, the predicted values show good agree-
ment with the measured ones, as they are clustered closely
around the y = x line and all fall within the prediction
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band. This result validates the feasibility and accuracy of
the proposed method in this study.

Furthermore, the effect of varying loading conditions on
the prediction results is analyzed and discussed. It is known
that various factors, such as loading and testing conditions,
simultaneously affect the measured shear strength and AE
parameters, as they may impact the mechanical properties
of rocks or the propagation patterns of microcracks. For
instance, studies have shown that an increase in tempera-
ture within a certain range leads to higher peak shear
strength and increased AE energy rate during rock shear
failure (Chen et al., 2020; Wang et al., 2024; Meng et al.,
2024). However, the effect of shear rate on the peak shear
strength and AE energy of rock joints may depend on
the hardness and lithology of rocks, with studies showing
somewhat inconsistent conclusions (Atapour & Moosavi,
2014; Zhai et al., 2021; Meng et al., 2019). The main objec-
tive of this study is to propose a method and framework for
linking the quantitative relationship between shear param-
eters and AE parameters, achieving the prediction of shear
strength directly from AE energy. Since the shear strength
of rock fractures and AE energy are final experimental
results, their values inherently reflect the influence of differ-
ent loading stress conditions or environmental factors.
Therefore, these external factors are not directly involved
as variables in model derivation and calculation. The pre-
diction errors show that factors such as normal stress,
shear rate, and temperature have no obvious and regular
impact on prediction deviations within certain ranges.
However, different experimental loading boundaries, such
as constant normal load (CNL) or constant normal stiff-
ness (CNS), can significantly affect the results. Since our
data primarily involves shear strength and cumulative AE
energy under CNL conditions, predictions under CNS con-
ditions were less accurate. Additionally, at lower normal
stresses (less than 1 MPa), the failure process is slow and
stable without the occurrence of post-peak stress drop,
showing clear differences compared to higher normal stres-
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ses (greater than 3 MPa) (Meng et al., 2018), which also
affects prediction accuracy. Overall, the model demon-
strates reliable generality and predictive performance under
conventional shear conditions.

We also recognize that determining boundary condi-
tions in practical engineering applications can be challeng-
ing. Therefore, relying heavily on precise modeling of these
factors could lead to a model with high complexity and
numerous parameter inputs, potentially limiting its general
applicability and practical value. Further work could grad-
ually incorporate the effects of loading conditions and
experimental factors. Specifically, sensitivity analysis to
assess the impact of loading boundaries on model out-
comes can be adopted, and statistical methods or empirical
models can be used to approximate these effects, improving
the model’s applicability and stability without increasing
excessive complexity.

The quantified correlation among shear parameters,
shear strength and AE energy has been proposed to evalu-
ate shear characteristics and forecast energy release. It
serves as a foundation for understanding the rock failure
mechanisms in geotechnical engineering applications and
offers insights into early warnings for rockmass instability.

4 Numerical modeling of AE responses of rock fractures
under shear

With advances in numerical methods and enhanced
computational power, numerical simulation has emerged
as an effective technique for addressing challenges in rock
mechanics and engineering. Discrete element method
(DEM) stands out for its ability to explicitly model discon-
tinuities like rock cracking and separation. This has made
it a popular choice for simulating the mechanical processes
of rock masses with evolving microcracks (Asadi et al.,
2012; Park & Song, 2009; Saadat & Taheri, 2019; Tang
et al., 2025; Zhao et al., 2012). However, these simulated
microcracks typically lack quantitative data on fracture
magnitude. To address this, the theory of moment tensor
inversion has been integrated into the particle flow code
(PFC). This approach, building on DEM or the finite-
discrete element method (FDEM), has been shown to effec-
tively replicate key characteristics of AE signals, including
their magnitude, mechanism, and epicenter (Hazzard &
Young, 2002; Zhang et al., 2017; Zhai et al., 2022; Cai
et al., 2023). Furthermore, simulations of AE in PFC can
help overcome the shortcomings of practical AE monitor-
ing, such as the absence of some in situ AE signals due
to the attenuation from geometric diffusion and viscous
energy loss.

In the particle element model, the breakdown of particle
adhesion leads to microcrack emergence, consequently
causing an alternation in the force at the adjacent contacts.
Variations in contact force can be tracked in real time, and
the moment tensor components are calculated by accumu-
lating the product of the force change at each contact and
the corresponding distance from that contact to the crack
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location. Therefore, AE signals generated during the failure
of rock materials are theoretically simulated based on con-
tact force. This approach offers information regarding the
spatial distribution, magnitude, and failure type of AE
events. It should be emphasized that an AE event may con-
sist of multiple microcracks. When microcracks occur in
close proximity to each other, both spatially and tempo-
rally, they are considered as the same AE event. The cen-
troid of event is defined as the geometric center of the
entire event (Ma et al., 2020; Wu et al., 2025).

The numerical simulations focusing on AE responses of
rock fractures under shear have provided valuable new
insights into rock fracture dynamics. Based on conven-
tional DEM and a novel grain-based model (GBM), rate-
dependent shear behavior and microcracking in layered
rocks and Alxa porphyritic granite are investigated. The
results demonstrate that high-energy AE events correspond
to crack damage points marking the transition between
stable and unstable failure stages, and reveal that the nor-
mal stress influences grain interlocking effects, leading to
intra-grain cracking and shear band development (Zhai
et al., 2021, 2022). The investigation of energy evolution
characteristics in the process of shear for rough fractures
is also carried out. In the simulation, AE monitoring is per-
formed by detecting the variations in kinetic energy of two
particles situated on either side of the fractured crack
(Yuan et al., 2024). Through the investigation of AE char-
acteristics based on moment tensor analysis, the isotropic
ratio R enables the identification of microscopic failure
characteristics associated with a single AE event, and the
evolution of the shear failure process for intact rock and
fractured rock has been deeply studied (Wu et al., 2025).
A series of tests of direct shear conducted on sandstone
subjected to thermal damage investigate the temperature-
dependent behavior, indicating that high temperature fos-
ters the formation of microscopic cracks and degrades
mechanical properties (Long et al., 2024).

For the moment, these simulations still face several lim-
itations that need to be addressed. The transition mecha-
nisms between tensile and shear failure modes require
further investigation. Future research directions should
focus on improving model validation through experimental
comparisons and developing multiscale approaches to bet-
ter capture the complex dynamics of AE generation during
rock failure processes. These advancements will be crucial
for enhancing the reliability of numerical simulations and
their application to in situ rock engineering problems.

5 Discussion

5.1 AE characteristics under constant normal stiffness
condition

Rock fracture shear behavior depends critically on
boundary conditions, primarily categorized into three types
(Jiang et al., 2022):

(1) Constant normal load (CNL): Normal stress on the
fracture plane remains fixed during shearing.

(2) Constant normal displacement (CND): Normal dis-
placement of the fracture is maintained constant.

(3) Constant normal stiffness (CNS): Normal stiffness
(relating stress change to displacement change) is held
constant throughout shearing.

The CNL condition typically models shallow, unrein-
forced rock masses (e.g., natural slopes). In contrast, deep
underground excavations or anchored slopes involve sig-
nificant constraints from surrounding rock and reinforce-
ment. During shear dilation of rough fractures, the
confining rock reacts (Newton’s third law), altering frac-
ture normal stress. The CNS boundary condition, by incor-
porating boundary stiffness to regulate this stress change,
provides a more realistic representation for such con-
strained environments than CNL.

Shear response under CNS fundamentally differs from
CNL. While pre-peak shear stress evolution resembles
CNL (initial rapid linear rise followed by nonlinear
increase to peak), the post-peak behavior diverges signifi-
cantly. Here, the normal stiffness value dictates whether
strain softening or strain hardening occurs, with higher
stiffness often promoting hardening. This transition hinges
on rock strength, fracture roughness, and matedness (Jiang
et al., 2022; Wang et al., 2024). The peak shear stress itself
is typically identified at the point of maximum curvature
change on the shear stress-displacement curve.

Even though the direct shear test under CNS boundary
conditions and corresponding AE characteristics has been
studied (Zhang et al., 2020b; Wang et al., 2024; Zhang
et al., 2023; Zhang et al., 2020; Wang et al., 2020), they
are still not widespread enough, compared with the exper-
iments under CNL conditions. Normal stiffness signifi-
cantly affects the shear behavior of fractured rock.
Future research requires further exploration of the rela-
tionship between AE characteristics and rock shear failure
modes under different normal stiffness conditions.

5.2 Combination of AE and DIC technology

As a non-contact methodology, DIC enables full-field
deformation measurement by comparing grayscale distri-
butions between pre- and post-deformation images to iden-
tify corresponding pixel displacements (Pan et al., 2009a,
2009b). Due to the practicality and effectiveness in quanti-
tatively measuring deformation, it has garnered extensive
application in the field of experimental mechanics (Lin
et al., 2013; Lin & Labuz, 2013; Zhu et al., 2019; Pan
et al., 2019; Fan et al., 2023).

In the study of rock shear behavior, the integration of
AE technology and DIC technology has also been applied
to some practices. Zhang et al. (2022) employed this AE-
DIC integration to quantify how freeze-thaw cycles and
fracture inclination angles (f) govern AE signal evolution
and progressive shear failure characteristics. Concurrently,
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Miao et al. (2024a) utilized AE-DIC integration to capture
real-time shear band development in rock bridge zones and
associated microcracking events. Their experiments
demonstrated that localized strain bands initiating at joint
tips and rock bridges propagate dynamically; interaction
near peak stress triggers an AE hit rate surge and a pro-
nounced drop in the AE b-value. Combining the AE and
DIC techniques, Fan et al. (2022, 2023) concluded exten-
sive research on the identification of shear stress states
and microscopic processes of crack propagation for the
studied shale. Four distinct stress thresholds delineate pro-
gressive failure: elastic initiation, crack initiation, crack
coalescence, and peak strength. AE resolves internal micro-
cracking activity, whereas DIC tracks the nucleation and
acceleration of shear damage localization fields.

DIC can obtain the deformation field of the rock surface
with high accuracy from a macroscopic perspective, but it
cannot obtain the internal deformation field. AE technol-
ogy has significant advantages in rock damage. The AE
waveform processing, time-picking, and spatial localization
enable the extraction of microcrack location/energy data,
permitting quantitative characterization of microscale frac-
ture processes. Nevertheless, ambient noise interference
and source localization inaccuracies constrain resolution
in resolving fracture kinematics. The combined use of AE
and DIC combines the deformation at the macroscopic
scale with the damage at the microscopic scale, and the
two can precisely form complementary advantages.

5.3 Quantitative interpretation of AE data

Overwhelming evidence establishes a robust correlation
between AE signatures and fracture shear behavior.
Researchers have developed various methods to analyze
AE signals, such as studying the waveform and amplitude
characteristics of AE signals and their correlation with the
failure of rock fractures. For instance, some studies have
shown that AE parameters like event rate and energy
release exhibit distinct stages prior to the peak shear
strength, which can be used as indicators for predicting
rock failure. AE signals have been leveraged to resolve
microfracture dynamics, capturing initiation, propagation,
and coalescence processes (Bao et al., 2024; Fan et al.,
2023; Luo et al., 2022). However, challenges still exist in
the quantitative interpretation of AE results, and further
research is required to quantitatively interpret AE results
and identify the mechanical state of fractures based on such
data. Quantitative interpretation implies a precise corre-
spondence between ‘““‘quantities”-specifically, between AE
parameters and shear mechanical states-rather than merely
establishing a qualitative relationship.

To accomplish this research objective, future studies
must address several key challenges. For example, improv-
ing the accuracy of AE source location and inversion is cru-
cial. By developing more sophisticated algorithms and
models, it may be possible to more precisely determine
the location and orientation of fractures, as well as the

stress and strain conditions within the rock. The AE signals
are complex and influenced by various factors such as rock
properties, testing conditions, and sensor characteristics.
Therefore, more accurate and reliable methods are needed
to interpret AE signals and extract useful information for
the quantitative evaluation of rock fracture behavior.
Meanwhile, the development of more comprehensive stan-
dards and norms for the application of AE in experimental
settings is necessary. This would help ensure greater consis-
tency and standardization of experimental data across
studies, thereby facilitating a more systematic investigation
into the universal and distinctive characteristics of physical
and mechanical properties. Without such standardization,
diverse and inconsistent data are likely to introduce chal-
lenges and inaccuracies in quantitative interpretation. Sec-
ond, the integration of AE monitoring with other
techniques, such as numerical simulations and laboratory
experiments, quantifies the multiscale fracture progression
mechanisms. For example, combining AE data with finite
element or discrete element modeling can help validate
and refine the models used to simulate rock fracture behav-
ior. Third, the development of new AE sensors and acqui-
sition systems can enhance the quality and resolution of
AE signals, facilitating the identification and analysis of
the features of interest. Furthermore, machine learning
and data mining techniques can assist in classifying and
recognizing different AE patterns associated with various
mechanical states of rock fractures (Ren et al., 2023). By
training models on AE datasets obtained from laboratory
tests or field monitoring, it may be possible to automati-
cally identify the mechanical state of rock fractures based
on AE features.

In summary, while substantial progress has been made
in the quantitative interpretation of AE results for rock
fracture analysis, there is still room for improvement.
By addressing the existing challenges and exploring new
methods and technologies, AE monitoring critically
quantifies fracture mechanics during direct shear testing,
enabling predictive assessments of underground structure
stability.

5.4 Engineering implications

Rock fractures and their shear behavior directly impact
the stability of deep rock engineering, including tunnel sur-
rounding rock instability and rock fault slip. The investiga-
tion on shear behavior and AE characteristics of rock
fractures is crucial for understanding the deformation
and failure mechanisms and mitigating hazards in under-
ground rock engineering. This study reviews the fundamen-
tal principles of rock shear behavior and establishes a
quantitative model linking shear parameters and AE
energy.

In practical engineering, it is challenging to directly
monitor shear stress on fault or joint surfaces. Neverthe-
less, AE technology offers effective indexes for in situ
non-destructive monitoring. The quantitative relationship
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between AE parameters and shear parameters is helpful to
predict instability or give early warnings of disasters caused
by rock mass failure. This is crucial for disaster prevention
and control.

The quantitative relationship between AE energy and
shear strength proposed in this study is grounded in the
inherent characteristics of the rock material and the under-
lying physics governing the shearing process. It reveals the
relationship between shear strength and energy release, as
well as that between actual energy and AE energy. Conse-
quently, real-time in situ AE energy monitoring can
directly predict shear strength and the corresponding
actual energy release of this stress.

In deep rock engineering, this relationship can predict
the possibility of rock fault slip instability. Thus, strength-
ening or protective measures, like installing anchor rods or
cable frames, can be taken in advance to prevent the fault
from slipping, ensuring the safety of life and property. For
underground mine roadways or traffic tunnels, shear slid-
ing of rock fractures may cause surrounding rock instabil-
ity. The quantitative relationship enables predicting the
shear strength of fractures when AE energy shows a signif-
icant increase. This allows timely adjustment of excavation
schemes (e.g., changing excavation cycle length, strength-
ening support) to ensure long-term stability of engineering
(Jiang et al., 2021). Additionally, rockbursts are a common
hazard in deep rock engineering. Before a rockburst, inter-
nal fractures shear and expand with AE energy release. The
quantitative relationship between shear stress and AE
energy can establish a rockburst early-warning model to
predict failure in advance, enabling the evacuation of con-
struction personnel and the prevention of equipment
damage.

Moreover, the quantitative relationship between shear
strength and AE parameters also helps accurately deter-
mine the strength parameters of heterogeneous fractured
rock masses. Accurate strength parameters are essential
for calculating rock mass structural bearing capacity,
enabling more optimal and reasonable engineering design,
and ensuring both the safety and cost-effectiveness of rock
mass engineering.

6 Conclusions

This review first summarizes the previous AE studies
conducted in different rock shear testing facilities to explore
the shear failure mechanisms of rock fractures based on
corresponding AE characteristics. The representative AE
data from these studies are re-analyzed using a unified
methodology to develop a quantitative relationship that
correlates shear parameters with cumulative AE energy.
Shear behavior and energy release can be assessed and pre-
dicted through the real-time monitoring of AE energy. The
following concluding remarks are drawn:

(1) Rock fractures exhibit good correlation between
shear behavior and AE characteristics. The cumula-

tive AE parameter curves follow a sigmoidal (S-
shaped) profile, comprising: (i) initial “quiet” stage,
(i1) rapid increase stage, and (iii) stable growth stage,
corresponding to the quasi-static, failure, and resid-
ual stages of the shear process. AE b-value reveals
the progressive nature of shear failure, and its system-
atic drop identifies statistically significant precursors
to macroscopic failure. RA and AF analysis of AE
signals effectively link specific signal features to frac-
ture modes.

(2) Significant controversies and uncertainties persist
notably in failure stage identification and parameter
interpretation. Defining the amplitude range for the
b-value and the classification boundary for RA-AF
analysis lacks unified criteria, and attenuation-
induced waveform changes are also a challenge.
Quantitative thresholds for failure prediction are
not universally applicable, being inherently limited
by material properties and test conditions. Data-
driven machine learning lacks guidance from physical
theories and hinders the explanation of true damage
mechanisms.

(3) The future development requires combining the AE
technique with multiple synchronous physical dam-
age monitoring methods (e.g., DIC). The physics-
informed data analytics and advancing full-
waveform inversion methods for more accurate
source quantification are also essential. In engineer-
ing applications, the progression into deep rock engi-
neering demands extensive study of direct shear
behavior and AE response under multi-coupling
effects. There is also a considerable room for develop-
ment in the quantitative relationship between shear
behavior and AE responses.
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