
A model for rock dissipated
energy estimation based on
acoustic emissionmeasurements

Penghai Zhang1, Kai Guan1*, Wenxue Deng1, Xige Liu1, Tao Qin2

and Qingshan Ma1

1Center for Rock Instability and Seismicity Research, Northeastern University, Shenyang, China,
2Heilongjiang Ground Pressure and Gas Control in Deep Mining Key Lab, Heilongjiang University of
Science and Technology, Harbin, China

The temporal domain of dissipated energy during rock damage and failure is

commonly quantified using loading and unloading tests or elastic mechanics-

based theoretical calculation methods. However, these approaches cannot be

applied to obtain the spatial distribution of rock dissipated energy. This paper

presents a novel model to estimate rock dissipated energy based on acoustic

emission measurements. The proposed model is used to estimate the temporal

and spatial distribution of dissipated energy in a sandstone specimen under

uniaxial compression conditions. The results indicate that the model well

describes the energy dissipation evolution trend in the temporal domain

with an error of 38.63% compared with results calculated using the

traditional method. The dissipated energy concentration area estimated by

the model is located near the macroscopic fractures, which indicates that the

model can describe the evolution process of rock energy dissipation in the

spatial domain.
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Abbreviations: a, Microfracture radius; U, Ue, Ud, UAE
d, Work done by external forces on the rock,

elastic strain energy stored in rock, dissipated energy calculated from U minus Ue, dissipated energy
estimated from AEmeasurement; σ1, σ2, σ3, Maximum,medium, andminimum principal stress; ε1, ε2, ε3,
Strains corresponding tomajor stresses; εv

c, εv, Volumetric strain ofmicrofractures, volumetric strain of
rock; V, ΔVAE

c, ΔVc, Rock volume, crack volume variation estimated from AE measurement, crack
volume variation calculated based on strain data; E, ], Elasticity modulus, Poisson’s ratio; u, Far field first
motion displacement of the P wave; Cs, Magnitude of the sensor response including the material
constants; Re (t,r), Reflection coefficient; t, Direction vector of AE sensor; r, Direction vector from the
microfracture to the sensor; L, Distance between the AE source (microfracture) and AE sensor;M1,M2,
M3, Three eigenvalues of themoment tensor; e1, e2, e3, Eigenvectors of the eigenvaluesM1,M2, andM3;
n, l, Unit motion vector and unit normal vector of the microfracture plane; γ, Tensile angle; λ, μ, Lame
constant of rock; Δu⊥ , Δu, Average displacement of amicrofracture perpendicular to themicrofracture
plane, average displacement of a microfracture in the direction of unit motion vector; σu, Stress
component along the motion direction of the microfracture; RV, Ratio between the crack volume
variation calculated by AE data and the crack volume variation calculated by strain data; i, N, Serial
number of the microfracture, Number of the microfracture.
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1 Introduction

The work performed by the external loads on the rock not

only causes a change in reversible elastic strain energy of the rock

but also is irreversibly dissipated, resulting in damage

accumulation and ultimately failure of the rock (Xie et al.,

2011; Cui et al., 2021; Zhou et al., 2021). From the viewpoint

of thermodynamics, the damage evolution of rock is an

irreversible process of energy dissipation, and the failure of

rocks is attributed to energy-driven state instability (Brady

and Brown, 2006; Wang et al., 2020; Li et al., 2022; Wu et al.,

2022). Therefore, quantization of dissipated energy is very

important to study the damage and failure process of rock.

Loading and unloading tests, elastic mechanics-based

theoretical calculations, and indirect measurements have been

used to quantify rock dissipated energy. Loading and unloading

tests are the most common of these methods, in which the

dissipated energy is represented by the area enclosed by the

loading curve, unloading curve, and strain axis owing to the

release of elastic strain energy after complete unloading

(Kidybiński, 1981; Liu et al., 2016; He and Kusiak, 2017; Li

et al., 2021a; Li et al., 2021b). Using this quantification method

(Meng et al., 2016), investigated the characteristics of rock energy

dissipation under uniaxial compression condition and found the

energy densities increase nonlinearly with increasing axial

loading stress and then rapidly increases after rock failure, the

dissipated energy is generally less than the elastic energy at the

peak phase, and exceeds the elastic energy at some point after the

peak. Similar energy dissipation characteristics were also

observed in rock under triaxial compression condition (Zhang

et al., 2017; Zhang et al., 2019). However, in actual rock uniaxial

compression tests, due to the uncertainty of peak strength of

rock, it is hard to unload at or near the peak strength of the rock

specimen. As a result, the evolution process of dissipated energy

at or near the peak strength cannot be obtained by loading and

unloading tests. In order to quantify the change of dissipated

energy completely (Gong et al., 2019), proposed a new method

based on the linear relationship between the dissipated and input

energy density. With this method, the dissipated energy density

at any stress levels (including peak strength) can be obtained by

calculating input energy density.

Theoretical calculation methods can be used to quantify

dissipated energy without unloading. The elastic strain energy

is first determined under a certain stress state using an elastic

mechanics formula based on the elastic modulus and Poisson’s

ratio (Xie et al., 2011). The work performed by the external load

over the area enclosed by the loading curve and strain axis is then

calculated, and the dissipated energy can be expressed as the

difference between the work done by the external loads and the

elastic strain energy. In this method, Young’s modulus of the

loading curve (Munoz et al., 2016) and unloading secant modulus

(Huang and Li, 2014) are usually used as elastic modulus. Due to

natural rock materials linear elastomer, these moduli are not

equal. For example (Huang and Li, 2014), found unloading

secant modulus are about 5%–8% greater than the Young’s

modulus. Although choosing different moduli will result in

different quantization results of dissipative energy, this

difference will not affect the variation trend of dissipated

energy. The dissipated energy evolution characteristics similar

to the loading and unloading tests can be obtained by this method

(Jiang and Xu, 2018; Qin et al., 2019; Zhang et al., 2020a).

Electromagnetic radiation (Frid, 1999; Wang et al., 2014),

electric currents (Stavrakas et al., 2004), infrared radiation (Shen

et al., 2020; Huang et al., 2022), and acoustic emission (AE,Wang

et al., 2019) radiation monitoring have also been used to

indirectly measure rock dissipated energy. As part of the total

dissipated energy, the variation trend of dissipated energy can be

estimated using these indirect measurement methods (Song et al.,

2012) carried out a series of cyclic loading experiments using coal

samples and found the cumulative values of electromagnetic

radiation energy and corresponding total dissipated energy well

subject to a logarithmic function (Li et al., 2021) conducted

progressive loading and step-like loading experiments on

sandstone samples and found the peak current increases

exponentially with stress rate with a negative exponent, the

accumulated charge increases linearly with the relative stress,

but the charge increasing rate are different in different

deformation stages. However, due to the limitation of

monitoring equipment, the actual electric and magnetic fields

caused by loading rock can bot be obtained, but just the voltage

amplitude or currents of the induced voltage or analog signals.

2D temperature field can be obtained by infrared radiation (Wu

et al., 2002) experimentally explored that the average

temperature of the rock surface is proportional to rock stress

and is cubic curvilinear to the mechanical work input before

failure and the temperature anomaly occurs with rock fracturing

after its elastic deformation stage.

The rock failure process proceeds from localized energy

dissipation to local failure and eventually to global

catastrophic failure, and the dissipated energy is characterized

by an uneven distribution in 3D space. AE monitoring is

therefore highly suitable for studying the spatio-temporal

distribution characteristics of dissipated energy because it can

be used to locate the localized damage and fractures in the

temporal and 3D spatial domains (Cui et al., 2021). Based on

AE monitoring data (Chang and Lee, 2004), and (Zhang et al.,

2020b) calculated the AE source radiation energy and found the

AE sources with high radiation energy were generally located

near the potential macroscopic fracture surfaces. However, an

approach to quantify dissipated energy based on AE

measurements remains unresolved.

To address this issue, this study proposes a model for

estimating rock dissipated energy based on AE measurements.

We assume that the rock is elastic-brittle on the mesoscopic scale,

and that the microfracture is discoidal and occurs

instantaneously. We use the model to analyze the spatio-
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temporal evolution of dissipated energy during the failure

process of a sandstone specimen under uniaxial loading

conditions, as discussed in detail below.

2 Dissipated energy estimation model

2.1 Energy conservation law during rock
failure

We assume here that the rock is elastic-brittle on the

mesoscopic scale and that macroscopic plastic deformation is

caused by the progressive failure of meso-scale elements (Tang,

1997). This implies that the essence of rock fracture is the process

from microfracture initiation and propagation to macroscopic

fracture formation.We also assume that the microfractures occur

instantaneously (i.e., at an infinite rupture velocity) inside a disk

of radius a.

Ignoring the temperature effect, the energy conservation law

for rock deformation and failure under loading can be expressed

as (Figure 1):

U � Ue + Ud (1)

where U is the total work done by external forces on the rock, Ue is

elastic strain energy stored in the rock, andUd is the dissipated energy.

The total work done by external forces on the rock can be

calculated by the load curve according to:

U � ⎛⎜⎜⎝∫ε1

0
σ1dε + ∫ε2

0
σ2dε + ∫ε3

0
σ3dε⎞⎟⎟⎠V (2)

where σ1, σ2, and σ3 are maximum principal stress, intermediate

principal stress, and minimum principal stress, respectively, ε1,

ε2, and ε3 are the strains corresponding to the major stresses, and

V is the rock volume.

According to elastic mechanics, the elastic strain energy

stored in a rock can be deduced as:

Ue � 1
2
(σ1ε1 + σ2ε2 + σ3ε3)V

� 1
2E

[σ21 + σ22 + σ23 − 2v(σ1σ2 + σ2σ3 + σ1σ3)]V (3)

where E is the elasticity modulus and ] is the Poisson’s ratio.

The dissipated energy can be expressed by substituting Eqs 2,

3 into Eq. 1:

Ud � ⎡⎢⎢⎢⎢⎢⎣∫ε1

0
σ1dε + ∫ε2

0
σ2dε + ∫ε3

0
σ3dε

− σ21 + σ22 + σ23 − 2v(σ1σ2 + σ2σ3 + σ1σ3)
2E

⎤⎥⎥⎥⎥⎥⎦V (4)

2.2 Dissipated energy estimation based on
AE measurement

According to a simplified green’s function for the moment

tensor inversion method (Grosse and Ohtsu, 2021), the far field

first motion induced by a microfracture can be determined as

follows:

u � Cs
Re(t, r)

L
(r1, r2, r3)⎛⎜⎝M11 M12 M13

M12 M22 M23

M13 M23 M33

⎞⎟⎠⎛⎜⎝ r1
r2
r3

⎞⎟⎠ (5)

where u is the far field first motion displacement of the p wave at

the AE sensor, Cs is the magnitude of the AE sensor response

including the material constants, Re(t, r) is the reflection

coefficient, t is the direction of the AE sensor, and r �
(r1 r2 r3) is the direction vector from the microfracture to the

AE sensor.

Then, the moment tensor can be decomposed as follows:

⎛⎜⎝M11 M12 M13

M12 M22 M23

M13 M23 M33

⎞⎟⎠0⎛⎜⎝M1

M2

M3

⎞⎟⎠ (6)

whereM1,M2,M3 (M1 >M2 >M3) are the three eigenvalues of
the moment tensor and represent the principal moments of the

microfracture.

The unit motion vector and unit normal vector of the

microfracture plane can be deduced as follows (Vavryčuk, 2015):

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
n �

��������
M1 −M2

M1 −M3

√
e1 +

��������
M2 −M3

M1 −M3

√
e3

l �
��������
M1 −M2

M1 −M3

√
e1 −

��������
M2 −M3

M1 −M3

√
e3

(7)

FIGURE 1
Schematic diagram of energy transformation.
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where e1, e2, and e3 are the corresponding eigenvectors of

the eigenvalues M1, M2, and M3, respectively. The moment

tensor is symmetrical, so the vectors l and n are

interchangeable. The stress condition can be used to

distinguish the motion vector from the normal vector, as

described by (Zhao et al., 2020).

The tensile angle γ can be measured between the projection

of motion direction on the microfracture plane and the motion

direction (Zhang et al., 2020a):

γ � 90+ − arccos(n · l) 180
+

π
(8)

Figure 2Coseismic volume variations induced by an AE

source can be expressed as (Grosse and Ohtsu, 2021):

ΔVc
AE � M1 +M2 +M3(3λ + 2μ)n · l � M1 +M2 +M3(3λ + 2μ) sin γ (9)

where ΔVc
AE is the coseismic volume variation and λ and μ are

the Lame constants of the rock. In the range of the coseismic

volume, the volume variation caused by rock matrix

deformation is considerably less than that caused by

microfracture deformation. The coseismic volume

variation can thus be approximated as the microfracture

volume variation. The average displacement of a

microfracture in the direction of unit normal vector n can

then be expressed as:

Δu⊥ � ΔVc
AE

πa2
� M1 +M2 +M3

πa2(3λ + 2μ) sin γ (10)

Furthermore, the average displacement of a microfracture in

the direction of unit motion vector l can be calculated as:

Δu � Δu⊥

sin γ
(11)

The dissipated energy induced by the microfracture can then

be expressed as:

Ud
AE � πa2σuΔu � σu(M1 +M2 +M3)(3λ + 2μ)sin 2γ

(12)

where Ud
AE is the dissipated energy estimated from the AE

measurement and σu is the stress component along the

motion direction of the microfracture, which can be calculated

by stress decomposition or numerical simulation.

2.3 Modification of the dissipated energy
estimation model

The ratio between the cumulative microfracture volume

variation calculated by the AE data and the microfracture

volume variation calculated by the strain data can be

expressed as:

RV �
∑N
i�1
ΔVc

AEi

ΔVc
� ∑N

i�1

M1i +M2i +M3i

ΔVc(3λ + 2μ) sin γi (13)

where i is the serial number of themicrofracture,N is the number

of microfractures, and ΔVc is the microfracture volume variation

calculated by the strain data and can be expressed as (Derek,

1997):

ΔVc � εcVV � [εV − 1 − 2]
E

(σ1 + σ2 + σ3)]V (14)

where εcv is the volumetric strain of the microfractures and εv is

the volumetric strain of the rock.

If the moment tensors of all microfractures are accurately

calculated, the RV value should be equal to 1. However, the ratio

of microfractures capable of moment tensor inversion is less than

1% (Lockner, 1993), which results into an RV value that is

considerably less than 1. The RV value can thus be used to

modify the dissipated energy estimation model.

The modified cumulative dissipated energy of all the

microfractures can be expressed as:

∑N
i�1
Ud

AE � ∑N
i�1

(M1i +M2i +M3i)σui
RV(3λ + 2μ)sin 2γi

(15)

The essence of this modification method is to add the

dissipated energy that cannot be estimated from the AE

measurement to the microfractures whose dissipated energy

can be estimated from the AE measurement. The modified

dissipated energy of a particular microfracture is therefore

substantially higher than its actual dissipated energy, whereas

the modified cumulative dissipated energy is closer to the actual

cumulative rock dissipated energy.

FIGURE 2
Schematic diagram of the tensile angle.
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3 AE test

3.1 Test set-up

The sandstone specimen (ϕ50 mm ×100 mm) was used in

our AE test. Our test set-up consists of a loading device, a strain

measuring device and a monitoring apparatus.

The loading device is a computer control electro-hydraulic

servo press (TOP INDUSTRIE Rock 600-50). The uniaxial

loading test of sandstone was carried out. The loading rate

was 0.2 mm/min. The physical and mechanical parameters of

the sandstone are listed in Table 1.

The strain measuring device consists of two linear variable

differential transformers (LVDT) and a circum-directional electronic

strain gauge. The LVDT were used to monitor axial strain of the rock

specimen, and the circum-directional electronic strain gauge was used

to monitor circum-directional strain of the rock specimen.

We used an SH-II AE monitoring apparatus to collect the AE

signals. Each waveform was digitized into 2,048 samples at a

sampling rate of 2 MHz. 40 dB (amplified 100 times)

preamplifier gain was used to improve the signal to noise

ratio (SNR). The threshold is set to 30 dB (approximately

0.0032 V) which is slightly above the noise level.

We placed twelve Nano30 AE sensors on the specimen

surfaces (black cylinders in Figure 3). We used Akaike’s

information criterion (AIC) approach to compute P-wave

arrival times and P-wave first motion amplitudes at each

AE sensor. The AE source locations were determined

based on the differences between P-wave arrival times

via a combined least square method and Geiger

procedure (Kang et al., 2017). The rock was assumed to

be isotropic. The location errors were found to

be within 3.5 mm based on pencil break test results

(Figure 3).

3.2 Failure mode and mechanical
parameters

Four macroscopic fractures formed (1–4 in Figure 4)

upon failure of the sandstone specimen. Fracture 1 cut

through the specimen from the top left to the right

bottom. Fractures 2–4 intersected with fracture 1 in the

middle, lower, and upper parts of the specimen,

respectively, but did not cut through the specimen.

Fractures 1 and 2 formed a typical X-shaped conjugate

shear fracture.

A comparison of the failure mode with the spatial

distribution and dissipated energy of the AE sources shows

that the AE sources with high dissipated energy were located

near the macroscopic fractures.

FIGURE 3
AE sensor array and location error from pencil break tests.
Black cylinders represent AE sensors; spheres represent AE
sources; different colors of spheres indicate different location
errors.

FIGURE 4
Failure mode and spatial distribution of the AE sources.
Macroscopic fractures 1–4 are marked with dashed lines and the
different colored spheres indicate the range of dissipated energy.
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3.3 Deformation characteristics

The fracture process of sandstone under uniaxial

compression can be divided into the following five stages

according to the deformation characteristics, as shown in

Figure 5 (Martin and Chandler, 1994).

(1) Crack closure (0–0.31σf). Preexisting microfractures in the

rock gradually close with increasing axial stress and induce

some AE activity, and the rock and microfractures

volumetric strain decrease.

(2) Elastic region (0.31σf–0.65σf). The stress-strain curve is

approximately linear, the change in the volumetric strain

of microfractures is very small and AE activity was very low.

(3) Stable crack growth (0.65σf–0.81σf). New microfractures

begin to appear and expand, the volumetric strain of

microfractures and the accumulative AE hit begins to

increase, and the reduction rate of the rock volume strain

gradually decreases until the dilatancy point.

(4) Unstable cracking (0.81σf–σf). After the dilatancy point, the

axial strain, lateral strain, and volumetric strain of the rock

and microfractures significantly increase, and the

accumulative AE hit obviously increase.

(5) Post-peak (σf–0). Microfractures are interconnected and lead

to the formation of macroscopic cracks and a stress drop. At

this stage, the growth rate of the lateral strain notably exceeds

that of the axial strain, the volumetric strain of the rock and

microfractures rapidly increase, and the rock changes from a

contraction state to a dilation state. Although the strain

varies widely in this stage, its duration is very short (less

than 7 s).

4 Dissipated energy estimationmodel
application

4.1 Energy conversion process

The energy conversion process under uniaxial loading

conditions is shown in Figure 6. Here we assume that the

work done by external forces U, elastic strain energy Ue, and

dissipated energy Ud obtained by the theoretical calculation

method (Eqs 2–4) are accurate.

The work done by external forces U (red line in Figure 6)

increases with increasing axial strain until the rock loses its

bearing capacity. The elastic strain energy Ue (orange line in

Figure 6) increases with increasing axial strain until reaching the

peak stress and then rapidly decreases to 0 in the post-peak stage.

The elastic strain energy at peak stress is greater than the

dissipated energy Ud (green line in Figure 6), which shows

that work done by the external forces is mostly converted into

elastic strain energy in the pre-peak stage.

The dissipated energy Ud (green line in Figure 6) rapidly

increases near the peak stress and exceeds the elastic strain

energy shortly after reaching the peak stress. When the rock

loses its bearing capacity, the total work done by the external

forces are completely converted to dissipated energy.

The dissipated energy estimated by the modelUAE
d (blue line

in Figure 6) increases in multiple steps, whereas the actual

dissipated energy Ud change is very smooth. The main reason

for this difference is that the number of AE sources that satisfy

the dissipated energy estimation condition is limited, which leads

to a discrete increase of the dissipated energy in the time domain.

When the dissipated energy of a certain AE source is high, there

FIGURE 5
Stress-strain curves of the sandstone specimen, where σf is
the peak strength, σcc is the crack closure stress level (0.31σf), σci is
the crack initiation stress level (0.65σf), and σcd is the dilatancy
stress level (0.81σf).

FIGURE 6
Energy conversion process under uniaxial loading conditions.
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will be a sudden increase in the cumulative dissipated energy

curve.

AE waveforms are often superimposed on each other and

difficult to identify in the time domain owing to the short post-

peak stage duration and frequent AE activity in this stage. This

results in the absence of an AE source that satisfies the estimation

condition of dissipated energy after εp. The microfracture volume

variation at point εp (i.e., strain point of the last AE source

satisfied by the estimation condition of the dissipated energy) is

therefore used to modify the dissipated energy UAE
d estimated by

the model.

The dissipated energy and its proportion during different

deformation stages prior to reaching point εp is shown in Table 2.

The order of dissipated energy estimated by the model from high

to low is consistent with that calculated using the theoretical

method: unstable cracking > crack closure > elastic region >
stable crack growth. This demonstrates that the dissipated energy

estimation model well describes the variation trend of energy

dissipation in the temporal domain.

The dissipated energy during the stable crack growth stage is

generally higher than that in the elastic region stage, whereas the

opposite is observed in the studied sandstone specimen. This can

be attributed to the following two points. 1) The dilatancy stress

level of the sandstone specimen is very close to the crack

initiation stress level (Figure 5), and the short duration leads

to a small amount of dissipated energy during the stable crack

growth stage. 2) The volumetric strain of the microfractures

initially decreases and then increases in the elastic region (blue

line in Figure 5), which indicates that the closure and initiation of

microfractures continues to occur and energy continues to be

dissipated during this stage.

Up to point εp, the dissipated energy estimated by the model

is approximately 38.63% higher than the actual dissipated energy,

which reflects the model error. The causes of this relatively high

error are discussed in Section 5.

4.2 Spatial evolution of dissipated energy

The spatial evolution of the dissipated energy estimated by the

model under uniaxial loading conditions is shown in Figure 7.

Under low stress, several relative concentration areas of dissipated

energy occur in the upper and lower parts of the sandstone specimen

(Figure 7A). The AE signal and energy dissipation are caused by the

friction between pre-existingmicrofracture surfaces during the crack

closure stage. If the pre-existing microfractures are randomly

distributed, the dissipated energy estimated by the model will

be evenly distributed in space; otherwise, there will be an

uneven distribution of dissipated energy. The relative

concentration areas are therefore likely caused by relatively

large pre-existing defects in the rock. Furthermore, the friction

between most of the pre-existing microfractures does not satisfy

the dissipated energy estimation condition, and their dissipated

energy is therefore added to the friction between the pre-

existing microfractures that satisfies the estimation condition

through model modification, which further increases the spatial

dissipated energy concentration. Nevertheless, the maximum

energy density during the crack closure stage is 13.76 aJ/m2,

which is only 1.1% of the maximum energy density at the time

of rock failure.

With increasing stress level, energy dissipation occurred in

the middle of the specimen and connected the upper and lower

concentration areas (Figure 7B). Although interconnected energy

dissipation zones formed, the energy density of the entire region

was still too low to form macroscopic fractures. From 0.65σf to

0.81σf, the energy basically ceased to dissipate in the upper and

middle parts, whereas the lower concentration area began to

expand downward (Figure 7C). From 0.81σf to σf, several new

dissipated energy concentration areas appeared in the upper,

middle, and lower parts of the rock (Figure 7D).

When the rock entered the post-peak stage, the dissipated

energy concentration areas in the upper part tended to expand

TABLE 1 Physical and mechanical parameters of the sandstone specimen.

Rock type Elasticity modulus (GPa) Poisson’s ratio P-wave velocity (m/s)

Sandstone 15.03 0.2 2,376

TABLE 2 Dissipated energy and its proportion in different deformation stages before reaching point εp.

Stage Crack closure
(J, %)

Elastic region
(J, %)

Stable crack
growth (J,
%)

Unstable cracking
(J, %)

Up to
εp (J,
%)

Ud 1.79, 8.97 0.74, 3.74 0.19, 0.95 12.88, 64.72 19.91, 100

UAE
d 5.49, 19.90 2.24, 8.11 1.41, 5.11 19.55, 70.82 27.60, 100
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downward (Figure 7E). No AE source satisfied the estimation

condition of the dissipated energy after εp, thus the energy

dissipation process of the macroscopic crack formation was

not completely recorded.

Energy dissipation is closely related to the fracture evolution

process. The dissipated energy concentration areas estimated by the

model are located near themacroscopic fractures, indicating that the

model can describe the evolution process of energy dissipation in the

spatial domain. The analysis of the spatial and temporal variations of

the dissipated energy distribution can therefore be used to better

understand the fracture evolution process.

The spatial evolution of the dissipated energy indicates that

the microfractures began from the initial defects in the upper and

lower parts of the rock, gradually developed to the middle part of

the rock, and ultimately connected to form macroscopic

fractures.

5 Discussion

Asmentioned, the error of the dissipated energy estimated by

the model is approximately 38.63%. We consider the error to be

attributed to the following four aspects.

(1) Rock heterogeneity is not considered in the dissipated energy

estimation model. The size of the microfractures that form

prior to reaching the peak stress is generally related to the

mineral particle size. Different mineral particles in sandstone

will have different mechanical properties, and the

heterogeneity of mechanical properties will lead to a

heterogeneous stress distribution. However, for simplicity,

the dissipated energy estimation model assumes uniform

macroscopic mechanical parameters (Lame constant λ and μ,

friction coefficient μf) and stress field parameters (stress

component along the motion direction of the

microfracture σui).

(2) Some assumptions and simplifications are made to facilitate

the calculation. For example, the microfracture morphology

is simplified to a disk with a uniform opening. Only

geometric attenuation is considered in the propagation of

AE waves. The frequency response curve of the AE sensor is

simplified to a horizontal line, in which is the sensor

sensitivity at different frequencies is not considered.

(3) The dissipated energy estimation model has not been

completely modified. The modification method described

in Section 2.3 modifies the (M1+M2+M3)/sinγ portion of the

model based on the microfracture volume variation.

However, the modified portion must be combined with

the stress component along the motion direction of the

microfracture σui and sine of the tension angle sinγ to

obtain the dissipated energy. The calculation errors of

these two parameters (due to the first two reasons) are

introduced into the final estimation results.

(4) Only the geometric attenuation during the AE wave

propagation is considered. In the process of AE wave

propagation, the actual AE wave amplitude released by

the AE source is larger than that collected by the AE

system, considering the attenuation effect of the plastic

properties of the rock, the interface between particles, the

new cracks, and the contact surface between the sensor and

the specimen. Ignoring these factors will inevitably lead to

certain errors.

FIGURE 7
Spatial evolution of the total dissipated energy under uniaxial loading conditions. Macroscopic fractures are marked with white dashed lines.(A)
up to 0.31σf | (B) up to 0.65σf. (C) up to 0.81σf. (D) up to σf. (E) up to εp.
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6 Conclusion

The spatial distribution of dissipated energy cannot be

obtained using traditional calculation methods, such as

loading and unloading tests and elastic mechanics-based

theoretical calculations. A new model is established in

this study to estimate the temporal and spatial

distribution of dissipated energy based on the

assumption that rock is elastic-brittle on the mesoscopic

scale and that microfractures occur instantaneously inside

a disk.

We conducted AE tests on a sandstone specimen under

uniaxial compression and applied the proposed model to

analyze the temporal and spatial distribution of the dissipated

energy. The results indicate that the model can describe the

dissipated energy evolution trend in the temporal domain with

an error of 38.63% compared with the results calculated using the

traditional method.

During the sandstone failure process, the spatial

concentration areas of dissipated energy form, increase,

and tend to connect. Compared with the rock failure

mode, we find that the dissipated energy concentration

area estimated by the model is located near the

macroscopic fractures, which indicates that the model can

also describe the evolution process of energy dissipation in

the spatial domain (McGarr, 1976; Boatwright and Fletcher,

1984).
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