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Investigating the correlation between acoustic emission (AE) parameters and damage mechanisms in rock mechanics can help
understand rock damage evolution under loading and provide a theoretical basis for engineering support and safety detection.
Therefore, this paper presents experimental works on the correlation between AE and failure mechanisms of rock mass under
uniaxial compression stress, with the aim of capturing the damage evolution leading to a new damage constitutive model. The
experimental results indicate that the uniaxial compression process of shale can be divided into four stages according to AE
characteristics. AE signals are minimal during the crack compaction and elastic stages. The crack initiation strength σci, which is
approximately 55% of the uniaxial compressive strength, is identified when the cumulative AE counts and damage factor begin to
increase slowly. When axial stress reaches the damage strength σcd, which is approximately 80% of the uniaxial compressive
strength, a significant number of AE signals are generated. AE phenomena can be observed during the unstable crack development
and post-crack stages. Considering the initial damage to the rock, the damage factor D initially decreases and then increases with
increasing cumulative ring-down counts rather than exhibiting a monotonic increase. The damage factor D is proportional to the
cumulative AE counts N in the stage before rock failure.

1. Introduction

The emergence, propagation, intersection, and permeation of
microcracks noticeably impact the mechanical characteristics
of rock mass. The behavior of these microcracks is complex.
Damage mechanics is always used for the study of the
mechanical processes and damage evolution until failure dur-
ing deformation [1]. Many scholars used different parameters
to study the rock damage process, such as the number of rock
cracks [2–3], strain [4–6], energy evolution [7], and acoustic
emission (AE) signal parameters [6–8].

AE technique is a developed nondestructive testing method,
which has proved to be a reliable tool for many types of studies
[9–10]. Figure 1 shows some characteristic parameters of a sim-
plified AE signal, including rise time, duration time, AE count,
and maximum amplitude, and these AE parameters can be used
to evaluate the damage severity and identify the nature of

damage directly or indirectly [11]. The pattern recognition pro-
posed by Thirumalaiselvi and Sasmal [12] based on AEmethods
would be very effective in monitoring the state of in-service
structures where the health information of the structure can be
automatically and continuously assessed through the emitted
acoustic signals from microcrack formation. The AE technique
was also used as a passive nondestructive tool to detect the
damage progress in short glass fiber-reinforced composite panels
[13]. De Smedt et al. [14] also used AE damage monitoring to
better understand the (cyclic) uniaxial tensile behavior of steel
fiber-reinforced concretes. Livadiotis et al. [15] monitored the
corrosion of steel pipelines using the AE technique. Andraju and
Raju [16] employed used AE and digital image correlation tech-
niques to describe the evolution of intra/interlaminar damage
modes in the carbon fiber-reinforced plastics laminates under in-
plane/out-of-plane loading conditions.
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When solid materials such as rocks are subjected to an
external load or temperature, their internal defects cause
cracking of materials or structures, resulting in damage
and destruction. In the process of damage and destruction,
the strain energy is released in the form of an elastic wave,
which spreads rapidly in solid materials such as rock mass,
resulting in the phenomenon of AE [17]. AE information can
reflect the evolution law of rock damage [18]. With the help
of AE characteristics, it is of great significance to understand
the failure mechanism and damage evolution of rock. There-
fore, the AE technique has also been widely used to investi-
gate crack propagation, source location, and damage
quantification in rocks and other solid materials [9, 17–22].
Shkuratnik et al. [23] studied the memory effect of coal speci-
mens in complex stress processes by performing triaxial
cyclic loading and unloading experiments. Liu et al. [24]
analyzed AE characteristics of coal rock under uniaxial com-
pression and proposed a new damage factor, which was
defined based on the normalized cumulative ring-down
count of AE. The damage model of coal rock under uniaxial
compression was established based on this factor, and they
thought that the damage increased monotonically with the
AE signal [24]. Moradian et al. [25] pointed out that AE has
enough accuracy to monitor the shear behavior of the joints,
and it could be used in-site confidently. Yang et al. [26]
carried out AE experiments under triaxial compression, ana-
lyzed the characteristics of limestone damage evolution
through AE parameters, and concluded that the damage fac-
tor increased monotonously. Yu et al. [27] carried out AE
experiments on coal rock under different confining stresses
to reveal the change rule of the ring-down counts rate, the
temporal and spatial distribution of AE, b value of AE, and
damage characteristics and to provide a theoretical basis for
prediction of coal–rock damage. Recently, different artificial
intelligence (AI) methods have been applied to various
aspects of rock mechanics and civil engineering, owing to
its ability to handle complex problems [28, 29]. A study
showed that the prefailure AE indeed encapsulates informa-
tion about the developing failure mechanisms and the post-
failure response in rocks, which can be captured through
AI [10].

However, while there are numerous studies that rely on
AE parameters to investigate rock damage, there still remains

a paucity of quantitative studies. To further investigate the
relationship between AE parameters and rock failure
mechanisms, as well as to better elucidate the law governing
the evolution of rock damage, this paper aims to conduct AE
experiments on shale under uniaxial compression. The AE
characteristics and the damage evolution process were ana-
lyzed, and a damage constitutive model based on AE char-
acteristics was established.

2. Experimental Materials, Apparatus,
and Methods

2.1. Preparation of Rock Specimen. The shale used in this study
was taken from argillaceous shales of the Silurian Luojiaping
Formation in the Pengshui area, Chongqing, with clear bedding
and crack distribution. The rock blocks that met the experi-
mental requirements were selected. Rock sampling was per-
formed in the laboratory of Chongqing University. All
specimens were processed into standard cylinders with dimen-
sions of Φ 50mm× 100mm, following the International Soci-
ety of Rock Mechanics standard [30]. To ensure the relative
consistency of the properties of specimens, all the specimens
were obtained from the same rock block and were taken along
the bedding direction. Due to the swelling and disintegration of
the rock specimens because of water, anhydrous polishing was
used during the rock specimen production process.

2.2. Experimental Instrument. MTS815 rock hydraulic servo
mechanical system and the PCI-II AE test and analysis sys-
tem produced by the American acoustic physics company
Physical Acoustic Corporation were used as the testing sys-
tem, as shown in Figure 2.

2.3. Experimental Procedure. During the experiments, it was
important to maintain synchronization between the loading
process and the monitoring of AE signals. AE signals were
collected during the uniaxial compressive process. A layer of
butter was applied between the AE sensors and the rock
specimen, and a rubber band was used to secure the AE
sensors tightly attached to the rock specimen, as shown in
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FIGURE 1: Characteristic parameters of a simplified AE hit [11].

MTS815 rock hydraulic servo mechanical system

Acoustic emissiontest and analysis system

FIGURE 2: Experimental instrument.
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Figure 3. The axial displacement loading method was adopted
in the experiments, with a loading rate of 0.008mm/min. The
axial load was applied until the rock specimen failure, and the
experiment ended. During the experiments, time, stress,
strain, and AE signals were recorded synchronously.

The schematic diagram of the experimental system is
shown in Figure 4. In Figure 4, the MTS control system con-
trols the application of axial stress to the rock, and the PCI-2
AE test and analysis system mainly monitors and collects AE
signals during uniaxial compression experiments. When a
force is applied to a rock specimen, it will emit AE signals
due to deformation or crack, and elastic waves emitted from
the AE source propagate from inside the rock specimen to the
surface of the rock specimen and cause mechanical vibration
on the surface. AE sensors attached to the surface of the rock
specimen convert the transient displacement caused by
mechanical vibration into electrical signals. The received

acoustic transmission signals were then amplified and pro-
cessed by the preamplifier. Its characteristic parameters are
formed, which are recorded and displayed on the computer. It
should be noted that the threshold of AE was set to 30 dB
based on AE threshold pretesting, and it was found that when
the threshold was set to 30 dB, the AE instrument did not
receive any external signals, thereby eliminating the interfer-
ence of external signals in this experiment.

3. Results and Discussion

3.1. Mechanical Properties of Shale under Uniaxial Compression.
Using the experiment method mentioned above, the stress–
strain curves of the shale specimens under uniaxial conditions
are obtained, as shown in Figure 5. The mechanical parameters
(Table 1) and the stress–strain curves (Figure 5) indicate that the
compressive strength of the shale specimens drilled along the

FIGURE 3: Rock specimen and layout of AE sensors.
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FIGURE 4: The schematic diagram of the experimental system.
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direction parallel to the bedding direction has some degree of
dispersion, with an average value of 36.29MPa. The uniaxial
compressive strength of shale is positively correlated with the
peak axial strain. The stress–strain curves exhibit large fluctua-
tions, particularly in the unstable crack development stage of
shale, where it shows an obvious zigzag shape, mainly because
shale broke and slipped mainly along the bedding plane. The
stress–strain curves also exhibit the phenomenon of stress drop
before reaching peak strength. This dropmainly results from the
fact that, after the support point of the failure surface was dam-
aged, the local stress dropped in a short time before reaching the
next support point.

3.2. Analysis of AE Characteristics of Shale under Uniaxial
Compression. The AE amplitude and cumulative ring-down
counts obtained in these experiments reflected the AE phe-
nomenon of shale with consistent patterns. Due to article
length limitations, this paper analyzed the relationship
between AE amplitude, cumulative ring-down counts, stress,
and time in the failure process of rock specimens PS-0-1 and
PS-0-2, as shown in Figures 6 and 7. From Figures 6 and 7, it
can be concluded that the AE characteristics of various stages
during the deformation and failure process of shale have the
following general rules.

(1) Crack compaction stage. Under axial compression,
the original open structural plane or microcrack in
the specimen gradually closes, leading to nonlinear

deformation, with a concave shape in the stress–strain
curve. At this stage, there are less AE activity and
lower AE energy. The slope of the cumulative ring-
down counts curve increases very slowly.

(2) From the elastic stage to the stable development stage
of microelastic cracks. The stress–strain curve is
approximately linear at this stage. In the elastic
deformation stage, there is no AE phenomenon.
However, when the axial stress continues to increase,
there will be some AE events, indicating that the
specimen is steadily growing. At this stage, the AE
energy is basically undetectable, and the cumulative
ring-down counts curve tends to flatten out.

(3) Unstable crack development stage. As axial stress con-
tinues to increase, the interaction between internal
cracks of the specimen intensifies. The microcracks
converge and coalesce, and AE events become active.
The AE energy increases significantly compared to
the previous stages, indicating that the rock specimen
has entered the yield stage. The slope of the cumula-
tive ring-down counts curve begins to increase
slowly, and the stress corresponding to the turning
point of the curve slope is the damage strength σcd,
which is about 80% of the peak strength. As shown in
Figure 6, the slope of the cumulative ring-down
counts–time curve of rock specimen PS-0-1 starts
to change at 232.8 s, and its corresponding stress
value is 22.27MPa, about 81% of the peak intensity.
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FIGURE 5: Stress–strain curve of shale under uniaxial compression.

TABLE 1: Mechanical parameters under uniaxial compression of shale.

Specimen number Diameter (cm) Length (cm) Sampling direction (-)
Compressive

strength (MPa)
Peak axial
strain (%) Poisson’s ratio (-)

PS-0-1 48.92 99.46 Parallel bedding 27.51 0.51
0.28PS-0-2 48.9 99.08 Parallel bedding 40.13 0.59

PS-0-3 48.92 99.09 Parallel bedding 41.24 0.61

4 Advances in Civil Engineering



Additionally, the cumulative ring-down counts curve
shows a step-like rise before the rock specimen
failure.

(4) Postfailure stage. After the axial stress reaches the
peak strength of the rock specimen, the internal struc-
ture of the specimen is damaged, and a macrocrack
surface is formed. However, the specimen basically
remains monolithic. The strength decreases rapidly
with deformation, accompanied by a relatively strong
AE phenomenon. The cumulative ring-down counts
curve rises rapidly. This rise mainly results from the
fact that, after the peak strength, the specimen slides
along the macrocrack surface to produce a large

number of AE signals. Compared with the AE of
specimen PS-0-1, the AE energy of PS-0-2 is substan-
tially higher. The primary reason is that when an
external load is applied to the rock specimen, the
greater the compressive strength of the rock speci-
men, the greater the energy stored in the specimen.
At the moment of specimen failure, a large amount of
energy is released, resulting in strong AE signals.

3.3. Characteristics of Damage in Shale under Uniaxial
Compression. In 1963, Rabotnov, a former Soviet scholar,
put forward the concept of damage factor. Lemaitre [31] of
France proposed the strain equivalence-based hypothesis on
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FIGURE 6: The relationship between AE parameters, stress and time of rock specimen PS-0-1 during the uniaxial compression process:
(a) plot of amplitude and stress versus time; (b) plot of cumulative ring-down counts and stress versus time.
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FIGURE 7: The relationship between AE parameters, stress and time of rock specimen PS-0-2 during the uniaxial compression process:
(a) plot of amplitude and stress versus time; (b) plot of cumulative ring-down counts and stress versus time.
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this basis. According to his hypothesis, the basic relation of
rock damage constitutive equation was established by assum-
ing that rock elements obey the generalized Hooke law before
failure.

σ ¼ σ∗ 1 − Dð Þ ¼ Eε 1 − Dð Þ; ð1Þ

where σ is apparent stress tensor, σ∗ is effective stress tensor,
D is damage factor, E is elastic modulus, ε is axial strain.

Numerous research findings revealed that cumulative
ring-down count is a significant parameter that could effec-
tively reflect the variation of material damage characteristics
[32]. Therefore, in this paper, cumulative ring-down count
was used as the characteristic parameter, and specimen PS-0-
1 was selected as the analytical object to examine the damage
evolution characteristics of shale.

3.3.1. Analysis of Shale Damage Characteristics under
Uniaxial Compression. Based on the stress–strain curve
obtained from the rock specimen PS-0-1 experiment, the
elastic modulus E is 5,748MPa. Using the stress–strain rela-
tionship obtained from the same experiment, the damage
factor D is acquired using the formula σ¼ σ∗ð1−DÞ : ¼
Eε ð1−DÞ :. Figure 8 shows the variation of damage factor
D and cumulative ring-down counts N over time. Figure 8
shows that the damage factor D initially decreases and then
increases. The reason why the damage factor D decreases
first is due to the initial damage inside the rock specimen.
The shale specimen may undergo various internal and exter-
nal mechanical and geological actions, such as tectonic
deformation, weathering, and unloading, which ultimately
lead to internal damage. In addition, the process of drilling
and grinding to make rock specimens also causes some dam-
age to the specimens. These facts cause the rock to exhibit
initial damage characteristics during the initial stages of uni-
axial compression. During the crack compaction stage, the
microcracks in the specimen gradually close, leading to an

increase in rock strength and a decrease in damage. As a
result, the damage factor D shows an initial decrease. As the
axial stress continues to increase, cracks inside the specimen
start to grow and connect gradually, leading to an increase in
rock damage.

When cumulative ring-down counts and damage factor
begin to slowly increase, it indicates that internal cracks in the
specimen start to generate and expand. At this point, the corre-
sponding stress is considered the crack initiation strength σci,
which is approximately 55% of the uniaxial compressive
strength. For instance, the rock specimen PS-0-1 has a σci of
15.1MPa, which is approximately 54.9% of the peak strength,
while the rock specimen PS-0-2 has a σci of 23.5MPa, which is
about 58.6% of the peak strength.

3.3.2. Establishment of Damage Model Based on AE
Characteristics for Shale under Uniaxial Compression. The for-
mer Soviet scholar Kachanov [33] defined the damage factor as
follows:

D¼ Ad

A
; ð2Þ

where Ad is the fault area where the rock specimen is dam-
aged, including compaction, new crack generation, propaga-
tion, convergence, penetration, and macrofailure. A is the
crack area at the initial nondestructive injury.

Assuming that cumulative ring-down counts of complete
destruction of whole section A of the nondestructive material
is Nc, then the ring-down counts Nw when the unit area
element is destroyed as follows:

Nw ¼ Nc

A
: ð3Þ

When the damaged area reaches Ad, cumulative ring-
down counts Nd is as follows:

Nw ¼ NwAd ¼
NcAd

A
: ð4Þ

So

D¼ Nd

Nc
: ð5Þ

During the experiment, due to insufficient stiffness of the
testing machine or different crack conditions of rock speci-
mens, the testing machine often stops working before the
rock is destroyed (that is, the damage of rock specimens
does not reach 1), so the damage factor is corrected as fol-
lows:

D¼ DU
Nd

Nc
; ð6Þ

where DU is the critical value of damage.

Sh
al

e d
am

ag
e f

ac
to

r

Cu
m

ul
at

iv
e r

in
g-

do
w

n 
co

un
ts 

(p
ie

ce
s)

1.0

0.8

0.6

0.4

0.2

0.0

5,000

4,000

3,000

2,000

1,000

0
0 100 200

σci

Time (s)
300 400 500

Cumulative ring-down counts
Shale damage factor

FIGURE 8: The relationship between shale damage factor and cumu-
lative ring-down counts of rock specimen PS-0-1 and time.

6 Advances in Civil Engineering



In Equation (6), the value of Nc is cumulative ring-down
counts of the whole process of rock specimen compression
failure, and the value of Nd is cumulative ring-down counts
of each stage in the progress of rock specimen compression
failure. To simplify the calculation, Liu et al. [24] normalized
the damage critical value according to the method of linear
function conversion, and Equation (7) was obtained.

DU ¼ 1 −
σc
σp

; ð7Þ

where σp is the peak strength and σc is the residual strength.
The damage model of coal rock under uniaxial compres-

sion, based on AE characteristics, can be expressed as fol-
lows:

σ ¼ Eε 1 − Dð Þ ¼ Eε 1 − DU
Nd

Nc

� �
: ð8Þ

From the above equation, it can be observed that the
damage factor D is directly proportional to cumulative
ring-down counts N when the specimen is undamaged.
The damage factor D increases with an increase in the cumu-
lative ring-down counts N.

However, the rock specimens utilized in this experiment
exhibited a certain degree of initial damage. Existing rock
material damage models have generally overlooked the initial
damage characteristics of rock materials, despite the presence
of such characteristics in actual rock materials [34]. Similar
to the aforementioned method, a damage constitutive model
for shale under uniaxial compression based on AE charac-
teristics is established as follows:

σ ¼ Eε 1 − Dð Þ
D¼ −K1

N0 − Nd

Nc
; 0 ≤ Nd ≤ N0

D¼ K2 ×
Nd − N0

Nc
; Nc ≥ Nd ≥ N0

8>>>>><
>>>>>:

; ð9Þ

where σ is principal stress, ε is axial strain, K1 and K2 are
damage evaluation index, and N0 is the cumulative ring-
down counts when the damage factor is 0.

Using Origin software, damage factor value D and cumu-
lative ring-down counts value N are marked on the coordi-
nate axis during the experiment, and the relationship
between the two objects is obtained by linear fitting. As
shown in Figure 8, the damage factor D exhibits a decreas-
ing-then-increasing trend with an increase in cumulative
ring-down counts N. The relationship between damage fac-
tor D and cumulative ring-down counts N is obtained via
linear fitting of the two segments. Alternatively, cumulative
ring-down counts value N and corresponding damage value
D obtained during the experiment (18, 0.46), (66, 0), (3,020,
0.33) are substituted into Equation (9). This approach leads

to the development of a damage constitutive model for rock
specimen PS-0-1 as follows:

σ ¼ Eε 1 − Dð Þ
D¼ −9:7 × 10−3N þ 0:64; 0 ≤ N<66

D¼ 0:334
N − 66
3; 020

; N ≥ 66

8>><
>>:

: ð10Þ

3.3.3. Comparative Analysis of Theoretical Stress–Strain
Curve and Experimental Curve. Using Origin software, the
theoretical stress–strain curve obtained based on the damage
constitutive model of rock specimen PS-0-1 is compared
with the actual stress–strain curve obtained from the experi-
ment, as illustrated in Figure 9. The comparison shows good
agreement between the two curves. The relationship between
damage factor D and cumulative ring-down counts N for
rock specimen PS-0-2 is obtained using linear fitting with
Origin software in four stages, ensuring that the coefficient of
determination R2 was close to 1 (Crack compaction stage,
R2= 0.85387. From the elastic stage to the stable develop-
ment stage of the microelastic crack, R2= 0.92259. Unstable
crack development stage, R2= 0.87494. Postfailure stage,
R2= 0.73169). This process leads to the development of a
damage constitutive model for rock specimen PS-0-2.
Finally, the theoretical stress–strain curve obtained from
the damage constitutive model of rock specimen PS-0-2 is
compared with the actual stress–strain curve obtained from
the experiment, as presented in Figure 10. The comparison
shows a perfect agreement between the two curves, which
proves the rationality of the developed damage constitutive
model.
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4. Conclusions

This paper investigated the AE law and damage evolution
characteristics of shale under uniaxial compression conditions
and established a uniaxial compression damage constitutive
model of shale based on AE characteristics. The conclusions
are as follows:

(1) The compressive strength of shale specimens drilled
parallel to the bedding direction exhibits a certain
degree of dispersion. The stress–strain curve of shale
under uniaxial compression obtained in this experi-
ment displays some fluctuations, particularly during
the stage of unstable crack development, with an
evident zigzag pattern.

(2) The uniaxial compression process of shale is divided
into four stages according to the characteristics of AE.
The crack initiation strength σci, which is approxi-
mately 55% of the peak strength, is identified when
the cumulative AE counts and damage factor begin to
increase slowly. When the axial stress reaches the
damage strength σcd, which is approximately 80% of
the peak strength, a significant number of AE signals
start to be generated. The cumulative ring-down
counts curve of AE exhibits a stepwise increase prior
to the failure of the rock specimen.

(3) Considering the initial damage of the rock, the dam-
age factor D demonstrates a decreasing-then-increas-
ing trend with an increase in the cumulative ring-
down counts rather than exhibiting a monotonic
increase. This helps to further understand the inter-
nal damage evolution mechanism of rocks.

(4) By analyzing the AE characteristics of shale at differ-
ent stages, a relationship between damage factor D
and cumulative ring-down counts N at various stages

is obtained via linear fitting with origin software.
This approach enables the establishment of a more
reasonable shale damage constitutive model, thereby
resulting in a theoretical stress–strain curve that is
consistent with the actual stress–strain curve. It is
worth noting that in the AE experiment of the whole
process of uniaxial compression experiment, the dam-
age factor D is proportional to cumulative ring-down
counts N only in the stage before the peak strength of
the rock, not the whole process. Therefore, it is neces-
sary to conduct research on the relationship between
rock damage and AE parameters after rock failure in
the future to establish a postpeak rock damage model
based on AE characteristics.

Symbols

σ: Apparent stress tensor
σ∗: Effective stress tensor
σci: Crack initiation strength
E: Elastic modulus
ε: Axial strain
K1/K2: Damage evaluation index
Ad: The fault area where the rock specimen is damaged
Nc: Cumulative ring-down counts when the experiment

is over
Nd: Cumulative ring-down counts when damage area

reaches Ad

σp: Peak strength
σc: Residual strength
σcd: Damage strength
DU: Critical value of damage
D: Damage factor
R: Coefficient of determination, indicating goodness

of fit
A: The crack area at the initial nondestructive injury
Nw: Ring-down counts when the unit area element is

destroyed
N0: Cumulative ring-down counts when the damage fac-

tor is 0.
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