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Acoustic emission characteristics
and damage constitutive model of
fractured sandstone under uniaxial
compression

Qiang Liu%%%, Chao Pan?", LinYan?, Xuguang Wang?, Shuijian Li? & Juncai Cao*

To investigate the statistical laws of acoustic emission energy (AEE) avalanche dynamics of sandstone
under varying fracture lengths and dip angles, as well as to determine the relationship between
acoustic emission (AE) parameters and damage variables, we studied the mechanical properties and AE
characteristics of sandstone with a single fracture subjected to uniaxial compression with the aid of the
Shimadzu AG-IS test system and the PCI-2 AE system. The AEE characteristics of fractured sandstone
under load were analyzed based on the statistical method of avalanche dynamics, with emphasis on
AEE distribution, aftershock sequence, and waiting time distribution. The Weibull distribution function
that incorporates a correction coefficient 8 was employed to optimize the Weibull parameters based

on the strain equivalent hypothesis theory, which led to the establishment of a statistical damage
constitutive model for fractured rock. The results indicated that the peak strength of rock samples
initially decreases and then increases with increasing fracture dip angle, and decreases with increasing
fracture length. The AEE of the rock sample followed a power-law distribution, with a power-law index
ranging from 1.62 to 1.81, which was independent of fracture length and dip angle. The aftershock
sequence also adhered to a power-law distribution, whereas the waiting time exhibited a multi-power-
law distribution. The proposed statistical damage constitutive model aligned more closely with the
experimental curves compared to previous models that normalizes AEE.

Keywords Fractured rock mass, Acoustic emission experiment, Damage constitutive model, Avalanche
dynamics

Fractured sandstone is a prevalent rock mass in underground mining, which is characterized by a variety of
fracture morphologies that contribute to complex mechanical properties and weakening of the rock mass. This
condition can lead to instability and failure of rock strata, resulting in engineering disasters such as roof caving
and pillar instability. Therefore, it is of great engineering significance to study the mechanical properties and
damage evolution of fractured sandstone to ensure the safety of underground mining operations. In addition,
the examination of the acoustic emission (AE) characteristics of fractured sandstone can provide a scientific
basis and technical support for the monitoring and prediction of underground mining'.

For fractured rock samples, Yang et al.® conducted uniaxial compression tests on red sandstone containing a
single non-straight fracture with the aid of the AE monitoring system. They found that the peak strength of rock
samples increased approximately linearly with increasing fracture dip angle, and the AE counts of fractured rock
samples were more dispersed than those of intact rock samples. Wang et al.® observed that prefabricated fractures
were prone to shear microcracks during the failure process of rock samples as the dip angle increased. Wang et
al.” performed uniaxial compression tests on low-strength rock samples with various geometric fractures and
revealed that the influence of prefabricated fractures with different geometric characteristics on rock samples
varies significantly. The failure modes of rock samples were controlled by fracture dip angle, and the impacts of
the fracture number and vertical fractures on rock failure were much greater than that of horizontal fractures.
Niu et al.® concluded that fractures reduce the load-bearing capacity of red sandstone, and that the AE parameter
b value can serve as a prediction index for large-scale fractures. Guo et al.’ utilized AE parameters to explore
the mechanism of granite microcracks, where three stages of initial calm, slow AE development, and fast AE
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development were clarified. Moradian et al.!” established a correlation between acoustic emission energy (AEE)

and the size of crack events by integrating rock stress-strain diagrams with AE parameters. Chen et al.!! analyzed
the relationship between the crack closure effect and the aspect ratio through conducting uniaxial compression
tests on sandstone samples, and then established a nonlinear energy dissipation model based on the crack closure
effect. Peng et al.!? defined the energy storage coeflicient and energy dissipation coefficient, and then performed
loading tests on sandstone samples with different dip angles. Their findings indicated that the larger the rock
fracture dip angle, the stronger the energy storage capacity and the weaker the energy dissipation capacity. The
macroscopic fragmentation deformation of rock can be interpreted as the accumulation of numerous small
‘avalanche events'®, which can be captured by an AE monitoring system. Previous studies have employed
avalanche dynamics theory to analyze the AE parameters related to rock fragmentation!*-1¢.

Regarding the damage constitutive model of fractured rock mass, Xia et al.'” established a damage
constitutive model for fractured sandstone by coupling the initial damage caused by microscopic defects and
the macroscopic cracks in rock samples. Also, a compaction coeflicient was introduced to modify the model.
Miao et al.!® established a damage constitutive model for fractured rock based on Weibull distribution and
Drucker-Prager criterion. They also deduced the hydrochemical physical damage from porosity. Wang et al.!’
examined the damage evolution of rock samples with different pore sizes and utilized AE ring counts to optimize
Weibull parameters for constructing a damage constitutive model. Lv et al.? established a total damage model
based on Lemaitre strain equivalence hypothesis under the coupling of macroscopic and mesoscopic damage.
Li et al.?! conducted laboratory triaxial compression tests on sandstone to determine the distribution coefficient
and void damage influence coefficient, and then constructed a statistical rock void damage model. While the
aforementioned research provides valuable reference and theoretical support for constructing the damage
constitutive models for fractured rock samples, studies regarding the establishment of a damage constitutive
model based on AEE for fractured rock samples with different geometric shapes remain relatively rare.

Based on the insights from previous studies, the present study investigated the AE signal characteristics and
energy evolution during the deformation and failure processes of fractured sandstone with the aid of laboratory
uniaxial compression tests and AE monitoring system. This study also analyzed the variations in mechanical
parameters, AE signal, and energy under different fracture dip angles and lengths. The AE parameters were
statistically analyzed through avalanche dynamics, and the distributions of AEE, aftershock sequence, and
waiting time across different fracture configurations were examined. The AE cumulative energy was employed
to elucidate the damage state of fractured sandstone, and a correction coeflicient § was proposed to construct
a damage constitutive model suitable for fractured rock. The research findings are expected to hold significant
engineering value for predicting strength of fractured rock mass in practical applications.

Experimental equipment and scheme

The sandstone samples used in this study were sourced from Chongqing, China. The sandstone blocks were
processed into standard samples with a diameter of 50 mm and a height of 100 mm. The prefabricated fractures,
which measure 1 mm in width, were introduced into rock samples, among which the fractures with a length of
15 mm were equipped with dip angles of 0°, 15°, 30°, 45°, 60°, 75°, and 90°, respectively, while those with lengths
of 20 mm and 25 mm were only equipped with a dip angle of 60°.

For the uniaxial compression tests, each rock sample was subjected to testing using a Shimadzu AG-IS
material testing machine at a strain rate of 0.01 mm/min, while the AE signals were captured using the PCI-2
AE monitoring system. Prior to testing, two AE sensors were strategically placed on opposite sides of the lower
part of the sample, and secured with transparent rubber rings. To ensure accurate results, an appropriate amount
of coupling agent (vaseline) was applied between the AE sensor and the sample surface, with a threshold set
to 40 dB. The uniaxial compression test system, AE monitoring system, and strain acquisition system were
subsequently activated to gather the requisite data for analysis, as depicted in Fig. 1.

Test results

Stress—strain curve of rock sample

Figure 2 illustrates the stress-strain curves for sandstone samples with different fracture dip angles, while Fig. 3
presents the stress-strain curves for sandstone samples with different fracture lengths. Analyses of the data
revealed that the stress-strain curves for rock samples with various geometric fractures display similar trends,
which can be divided into distinct stages: the pore compaction stage, the nearly linear elastic deformation stage,
as well as the plastic deformation and failure stage.

As illustrated in Fig. 2, the peak strength of rock samples initially decreased and then increased with
increasing fracture dip angle. The peak strength of rock sample with a fracture length of 15 mm and a fracture
dip angle of 0° was 48.43 MPa. Compared with the peak strength of rock sample with a fracture dip angle of 0°,
the peak strength was reduced by 12.65 MPa for rock sample with a fracture dip angle of 15°, while those were
increased by 3.02 MPa, 13.08 MPa, 21.50 MPa, 33.62 MPa, and 39.10 MPa for rock samples with fracture dip
angles of 15°, 30°, 45°, 60°, 75°, and 90°, respectively, with a decrease rate of 26.12% and increase rates of 6.23%,
27%, 44.39%, 69.42%, and 80.73%, respectively.

Figure 3 demonstrated that the peak strength of rock samples decreases gradually.

With increasing fracture length. The peak strength of rock sample with a fracture length of 10 mm and a
fracture dip angle of 60° was 93.92 MPa. Compared with the peak strength of rock sample with a fracture length
of 10 mm, the peak strength of rock samples with fracture lengths of 15 mm, 20 mm, and 25 mm were reduced
by 23.98 MPa, 27.99 MPa, and 34.74 MPa, respectively, with reduction rates of 25.53%, 29.80%, and 40.18%,
respectively.
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Fig. 1. Experimental equipment and samples.
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Fig. 2. Stress—strain curves with different inclination angles.

The peak strength of rock samples was significantly affected by the geometric parameters of prefabricated
fractures. As the fracture dip angle increased, the peak strength of rock samples initially declined and then
increased linearly. Analyses revealed that when the fracture direction was parallel to the loading direction, the
applied load was maximized. Additionally, the peak strength of rock samples greatly decreased significantly as
the fracture length increased. As the fracture length increased, the internal damage to the rock sample intensified,
ultimately diminishing its load-bearing capacity.
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Fig. 3. Stress—strain curves of different crack lengths.

AE characteristics of rock samples with different geometric fractures

In rock mechanics tests, AE can effectively monitor the real-time failure processes of rock samples. The
characteristics of AE parameters aligned closely with the failure processes of rock samples. Changes in AE
characteristics can be categorized into four stages: the pore compaction stage, the elastic deformation stage, the
plastic deformation stage, and the failure stage.

(a) During the initial loading stage, the presence of microvoids and prefabricated geometric fractures within
the rock sample led to pore compaction and fissure development. This stage was characterized by a rapid
strain increase, with the experimental curve exhibiting a concave shape. The occurrence of micro-fractures
was frequent, resulting in dense and frequent AE events.

(b) As the load on the rock sample gradually increased, the defects and micropores were compressed, and the
sample entered the elastic deformation stage. During this stage, the experimental curve exhibited an ap-
proximately linear shape. Micro-fracture events were relatively infrequent, and AE events were monitored
less frequently. Although the distribution of AE events was sparse, their frequency gradually increased as
the load continued to rise.

(c) As theload continued to increase, the yield strength of the rock sample was gradually approached, and the
sample entered the plastic deformation stage. During this stage, microcracks expanded and developed into
macroscopic cracks, which propagated and deformed under the influence of the external load. The number
of cracks gradually increased, resulting in a dense distribution of AE events.

(d) During this stage, the rock sample reached its peak strength, resulting in the formation of a fracture surface.
The internal structure of the rock sample was destroyed, leading to block sliding. At this stage, there was a
significant increase in AE events, with a higher density of occurrences, resulting in a peak AEE value.

The number of AE events served as a valuable indicator for characterizing the internal fracture evolution process
of rocks, as depicted in Fig. 4. The AEE value also effectively expressed the degree of rock failure, and this
relationship remained unaffected by the prefabricated geometric fracture morphology. The AE parameters were
instrumental in characterizing the damage levels of rock samples. To further investigate the AE characteristics
of rock samples with prefabricated fractures, this study employed the avalanche dynamics for statistical analysis.

AE-based statistical law of avalanche dynamics of fractured sandstone failure
AEE probability density distribution
Figure 5 displays the probability density distribution of AE with respect to the AEE interval during uniaxial
compression failure of rock samples with varying geometric fractures, which was obtained through the histogram
method. The vertical axis represents the AEE probability density, while the horizontal axis represents the AEE
interval. This method involves pre-dividing the AEE interval beforehand and then selecting a group distance to
calculate the probability density. The probability density distribution of AEE for fractured samples with varying
dip angles was presented using a double logarithmic coordinate system.

Selecting the interval from 10!-10° allowed for fitting the probability density. A strong linear relationship
between P(Q) and Q in the logarithmic coordinates was observed. The results indicated that the AEE distribution
throughout the compression failure process of the sample follows a power-law distribution, which adhered to the

Gutenberg-Richter law (P Q) ~ Q_F) to a certain extent:

P(Q)Q ~ Q17 /Q1 1 dQ, Q > Quuin (1)
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Fig. 4. Acoustic emission curves of rock samples with different defects.

where Q, . is the normalized parameter, Q is the AEE, F is the AEE power-law index, and P(Q) is the AEE

probability density function.

As shown in Fig. 5, the AEE followed a power-law distribution and was not affected by prefabricated
geometric fractures. With an increase in fracture dip angle, the power-law index exhibited a slight increase,
which was generally around 1.7. As the fracture length increased, the power-law index demonstrated a slight
downward trend. The decrease may be attributed to the fact that longer prefabricated fracture in rock sample
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Fig. 5. AEE probability distribution diagram of rock samples with different geometric defects.

resulted in a higher degree of internal damage, which facilitated the formation and expansion of new cracks,
thereby generating in a large number of AE events. The overall power-law index fell between 1.62 and 1.81.

Aftershock sequence distribution

In the analysis of seismic monitoring data, the strongest energy was defined as the main shock, while the others
after the main shock were named as aftershocks. The distribution of the aftershock sequence was described
using the Omori-Uzuki law, which characterized the attenuation of aftershock frequency over time. AE data
with AEE values ranging from 10! to 10* were artificially selected as the main shock, while the remaining data
were designated as the aftershock sequence until the next main shock energy. Three energy intervals, i.e., 10!~
102,10>-10%10%-10%, were delineated, and the aftershock frequency (Nas (s7!)) in each interval was calculated
against the time difference (¢, ).

Figure 6 illustrates the distribution of aftershock sequences across different energy intervals plotted on a
double logarithmic coordinate axis. For rock sample with a fracture length of 15 mm and a fracture dip angle of
60°, the aftershock sequences in different energy intervals exhibited a robust linear relationship, with the power
law index approximating 1.1.

Waiting time distribution
The time difference between AE events was defined as the waiting time, which is expressed as ¢ = tit where ti
and ¢, are the monitoring times of adjacent AE signals.

Figure 7 displays the distribution of waiting time during the compression failure process of the rock sample
with a fracture length of 15 mm and a fracture dip angle of 60°, where P, is the probability density function of
the waiting time distribution, § is the waiting time difference, (n) is the average number of AE events per unit
time.

According to Fig. 7, the data demonstrated a strong linear relationship under the double logarithmic
coordinate axis, which indicated that the waiting time distribution conforms to the power-law distribution and
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a fracture length of 15 mm and a dip angle of 60°.
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exhibits a multi-power law distribution feature. The power-law exponent of the waiting time distribution in the
0.1 s to 1 s interval was approximately 1.23, while that in the 1 s to 100 s interval was about 1.57.

Damage constitutive model for fractured sandstone
Statistical damage constitutive model
Lemaitre?? established the following damage constitutive model based on the strain equivalence hypothesis

proposed in the context of material damage process.

o= Fe-(1-D) (2)

where o is the effective stress, D is the damage variable, E is the material deformation modulus, and € is the

strain.

Given the complexity of internal micro-element damage for rock samples subjected to the external load,
numerous scholars have referenced the Weibull distribution to analyze the micro-element change behavior of
the rock under load?*?*, The probability density function for the rock micro-unit is expressed as follows.

F(e) = My(e) eap(—(Ae)") 3)

where € is the deformation, Ais the shape parameter, y is the scale parameter.
Kachanov® defined the damage variable D using the micro-defect area formed by damage relative to the

initial apparent area of the material as follows.
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_ A

D
A

(4)

where A , is the fracture area of the sample during compression, and A approximately considers the fracture area
when there is no damage before loading.

£

Aa— / Af(@)de = A{1 - exp(~(2e))} )
0
Combining Egs. (4) and (5) yields:
D =1—exp(—(Xe)”) (6)
Combining Egs. (2) and (6) yields:
o= FEe-exp(—(Xe)7) (7)
where the Weibull distribution parameters Aand y can be determined by the peak stress-strain point:

0 (e = 0 ®

where o is the peak stress, and ¢ is the strain corresponding to the peak stress.

1
1 1/1\"”
et a ) "

Damage constitutive model based on AEE
AE monitoring can capture the energy released by rock micro-fractures?®. According to the cumulative AEE
of rock samples, the degree of damage can be quantified. The damage variable D, can be expressed as follows.

-

Dq 0 (10)

where Q_ is the cumulative AEE at any time, Q, is the AEE accumulated in the AE peak energy value stage.
Combing Egs. (2) and (10) yields:
Qy
c=Fe-|1- == (11)
( Q-

As indicated in Fig. 8, the damage model based on AEE aligned well with traditional damage constitutive model.

Equation (11) featured a linear decline stage of stress, which was attributed to the fact that the cumulative
energy value was very close to the maximum cumulative energy value. Both models exhibited substantial errors
relative to the experimental results.

70 Experiment , 704 Experiment
col” ~ Ea(D 6]~ — Eq.(7)
P Eq.(11) / D o Eq.(11) 7
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Fig. 8. Damage constitutive model constructed by Egs. (7) and (11).
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Damage constitutive model for coupling analysis of AEE and Weibull distribution
To control the error range between the results obtained from the model and the experimental values, many
scholars have utilized AEE and AE ringing counts to optimize the Weibull function?”?3. In this study, AEE
was employed to optimize the Weibull distribution parameters, and a correction coeflicient 8 was proposed to
minimize the discrepancies between Egs. (7), (11), and the experimental values.

Combining Egs. (6) and (10) yields:

Dy =1 —exp(—(Xe)?) (12)

The damage amount obtained by AEE was fitted to the Weibull coeflicient, which allowed for the derivation of
the damage constitutive model.

0 = Ee-exp(—(A\ge)") (13)

At the onset of the experiment, a compaction process occurred within the sample. To accurately characterize this
process, the correction coeflicientSwas proposed as follows.

B=¢c-)q (14)

where A is the Weibull shape parameter of AEE fitting, and ¢ is the strain. The specific values of A obtained
through the conducted test are presented in Table 1. The complete AE-based cumulative energy damage
constitutive model can be obtained by combining Eqgs. (13) and (14).

Figure 9 presents the damage constitutive model constructed from Egs. (7) and (15). Equation (15)
demonstrated greater consistency with the test curve compared to Egs. (7) and (11). Thus, it well characterized
the concave curve shape caused by micro-cracks and pore compaction during the initial experimental stage. The
damage constitutive model that incorporates AE cumulative energy could better reflect the stress-strain curve of
sandstone with different geometric fractures during uniaxial compression.

Discussion and analysis
Based on the results and analyses presented, the AE parameter characteristics released during the rock failure
process can be divided into three stages according to the AE density, as depicted in Fig. 10.

In the first stage, the number of AE events was large, but the energy value was generally low. This phenomenon
was due to the fact that the presence of pre-existing micro-voids and artificial prefabricated fractures within the
rock sample resulted. In the second stage, the rock sample entered the elastic stage, during which AE events
were less frequently monitored, the stress and strain increased linearly, and the concave curve from the previous
stage transitioned a straight line. In the third stage, due to the accumulation of damage within the rock mass,
the degree of damage was significantly elevated to reach the damage limit of rock sample. Internal micro-cracks
gradually expanded, followed by block sliding, ultimately leading to the failure of the rock sample. In this
stage, the number of AE events was extremely large, while both the energy value and stress reached their peaks
simultaneously.

Regarding the statistical analysis results of avalanche dynamics, the AEE power-law index obtained in this
study ranged from 1.62 to 1.81. Given that the probability density of AEE was artificially selected. For precise
determination of the value range of the power law exponent F, maximum likelihood estimation was utilized to
mitigate the associated uncertainty. The maximum likelihood estimation was employed to diminish this error,
and its calculation formula is presented as follows.

—1

F=1+n Zln(Qi/Qmin) (16)

=1

where F is a power-law index, Q

Qi > Qmin'

The standard deviation expression is estimated as follows.

e= (F%E)_l) + 0(%). (17)

i 18 the lower limit of normalization, Q;is the monitored AEE, which satisfies

The AEE data in Fig. 5(a) was statistically analyzed using the maximum likelihood method. The calculation
results are depicted in Fig. 11, where the red solid line represents the power-law index F obtained by the maximum
likelihood method, the green area represents the standard deviation, and the black dotted line represents the
power-law index F obtained by the histogram method. As illustrated in Fig. 11, the power-law index selected

Fracture length-fracture dip angle | 15 mm and 60° | 15 mm and 75° | 20 mm and 60° | 25 mm and 60°

)\q 50.46 47.89 57.4 62

Table 1. Weibull distribution parameters.
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Fig. 9. Damage constitutive model constructed by Egs. (7) and (15).
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Fig. 10. AE parameter characteristics.

via the histogram method was lower than the initial shoulder gap of the maximum likelihood method, thereby
validating the reliability of the power law index obtained through the histogram method.

In this study, a damage constitutive equation that considers AEE was established, and the correction coeflicient
B was proposed to improve the model. This model demonstrated a good agreement with the experimental values.
The correction parameter was calculated based on the Weibull shape parameter /\q and strain ¢, where I/Aq is the
statistical average strain value.

Figure 12 illustrates the correction coefficients for rock samples with a fracture dip angle of 60° and fracture
lengths of 15 mm, 20 mm, and 25 mm. The /\q increased with increasing fracture length, which may be attributed
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to the fact that longer prefabricated fracture lead to greater damage to the rock mass, consequently reducing its
load-bearing capacity.

To explore the microstructure of rock samples with different geometric fractures after uniaxial compression
failure, the fracture surfaces of rock samples with a fracture dip angle of 60° and fracture lengths of 15 mm,
20 mm and 25 mm were tested using SEM, and then the SEM images were obtained. Existing research indicated
that the macroscopic fracture behaviors of rocks are closely related to their microscopic defects. The common
fracture modes in rocks include transgranular and intergranular fractures, which often exhibit distinctive
patterns, such as step pattern, river pattern, and tongue pattern®*,

In Fig. 13(a), (b), and (c), numerous microcracks and macrocracks were observed. Figure 13(a) depicted
a typical fracture morphology. Figure 13(b) presented a relatively flat fracture surface characterized by a river
pattern and a high fracture density. Figure 13(c) showed secondary cracks oriented perpendicular to the axial
stress, along with some micro-cracks and macro-cracks. Figure 13(d), (e), and (f) lacked consistent fracture
characteristics. Figure 13(d) displayed clear texture with a few massive rock masses resembling step patterns.
Figure 13(e) illustrated an uneven fracture surface, with no obvious macroscopic defects, while the tongue
pattern was distinctly observable. Figure 13(f) revealed large macroscopic cracks and a step pattern similar to
the stepped morphology. The analyses indicated that the prefabrication of different geometric fractures can alter
the microscopic characteristics of the fracture surface of rock samples following mechanical loading.

Conclusions

This study investigated the mechanical properties and AE evolution characteristics of fractured rock with
different geometric fractures. Subsequently, a damage constitutive model was developed for fractured sandstone.
The main conclusions are as follows.
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Fig. 13. Scanning electron microscope image.

1

2

The stress-strain curves of rock samples were influenced by the dip angle and length of the fracture. The
peak strengths of rock samples with a fracture length of 15 mm and fracture dip angles of 0°, 15°, 30°, 45°,
60°, 75° and 90° were analyzed. Except for the peak strength of the 15° rock sample, which was 12.65 MPa
lower than that of the 0° rock sample, the remaining samples exhibited approximate linear growth. The peak
strength of rock samples with a fracture dip angle of 60°and fracture lengths of 10 mm, 15 mm, 20 mm, and
25 mm were discussed, where the peak strength decreased approximately linearly with increasing fracture
length.

AE parameters effectively characterized the stress trend. Throughout the mechanical loading process, the
rock samples transitioned sequentially through the pore compaction stage, elastic deformation stage, plastic
deformation stage, and failure stage. The AE signal density and energy value accurately represented these
four stages.
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(©)

(4)

The AEE distribution of rock samples with different geometric fractures demonstrated a robust power-law
distribution. The power-law index of AEE distribution was minimally impacted by the fracture dip angle.
As the fracture length increased from 15 mm to 20 mm and 25 mm, the power-law index decreased from
1.81 to 1.71 and 1.62, respectively, with reduction rates of 5.6% and 10.5%. The waiting time distribution
and the aftershock sequence conformed to the power-law distribution, while the waiting time distribution
followed a multi-power-law distribution.

A damage variable was constructed based on the cumulative energy of AE. The damage constitutive correc-
tion coefficient § was determined by A_and the experimental strain value according to the Weibull distri-
bution principle. Compared with the c?amage equation and statistical damage constitutive constructed by
normalizing AEE, the proposed model aligned more closely with the experimental curve.

Data availability

Because some data of this paper will be used in the next research plan of the research group, the data sets gener-
ated and/or analyzed in this study are not public, but are available from the corresponding author on reasonable
request.
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