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An in-depth recognition of the failure characteristics and scale of joints is of great significance for the stability assessment in rock
engineering. Unfortunately, due to the close fitting of the upper and lower blocks of the joint under direct shear tests, the shear
failure of joints are difficult to observe directly during the shear process. Thus, in this work, direct shear tests were carried out
on sandstone joints subjected to three levels of normal stress while the acoustic emission (AE) in the rock is synchronously
monitored. The failure characteristics of rock joints were then investigated by calibrating the AE system and combining them
with the AE location results and shear load curves. A method was established to determine the failure scale of the rock joint
that uses the AE moment tensor and first law of thermodynamics. The results show that the degree of failure of the rock joints
increases as the normal stress increases. Also, the shear failure of the rock joints is localized and occurs synchronously, rather
than sequentially in different areas. The average length of the microfractures formed in the shear process correlates with the
average mineral grain size. On the other hand, the maximum length of the microfractures appears to have different values
depending on the normal stress present. Our results have significant reference value for the precursory identification of shear
disaster in engineering rock masses.

1. Introduction

A rock mass is generally composed of intact rock and joints
[1–4]; as a kind of geological weak plane, the occurrence of
joints enhances the deformability of rock masses and
reduces their strength [5, 6]. When excavation is carried
out underground, the rock mass involved will often fracture
along discontinuities such as natural joints and bedding
planes [7]. This may lead to the occurrence of rockbursts
[8–11] or falling blocks [12], threatening the safety of workers
and affecting the progress of the engineering work. Therefore,
the failure mechanism of rock joints strongly influences the
stability of underground engineering [13, 14]. Furthermore,
knowledge of the characteristics and scale of the shear failure

occurring in the rock joints is of great significance for under-
standing the mechanism responsible for shear failure.

In this respect, many scholars have carried out different
shear tests to investigate the shear failure mechanism, and
much progress has been achieved. Research has mainly
focused on shear deformation and characteristics of the peak
shear. Barton [1] first used the idea of JRC to define joint
roughness and thus proposed a well-known shear strength
criterion. Since then, much research has been performed on
different aspects. Li et al. [15] conducted shear tests on artifi-
cial concrete joint specimens to study their stiffness with
respect to shearing. They thus investigated the failure mode
of rock joints subjected to different shearing deformation
velocities, undulation angles, and normal stresses. They then
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proposed a shear stiffness formula for the joints that accounts
for the influences of shearing rate and undulation angle. How-
ever, little attention has been paid to the characteristics and
scale of shear failure in rock joints.

Acoustic emission (AE) occurs when elastic strain
energy is instantaneously released as a material undergoes
fracturing. The elastic waves produced rapidly propagate
through the material and can be detected using an appropri-
ate sensor. AE monitoring is thus an excellent and nonde-
structive method of analyzing the rock [16–19]. Many
scholars have used AE monitoring to investigate the evolu-
tion of the failure process in rocks subjected to triaxial or
uniaxial compression. The exact location of the failure event
producing the AE can be deduced using the difference in
arrival time of the elastic wave at different sensors [20–22].
The use of this information has allowed much progress to
be achieved in this research area.

Moradian et al. [23] conducted shear tests on joint spec-
imens made of similar materials while monitoring the AE
from the samples. Their results proved that AE monitoring
is sufficiently accurate to allow the shear failure process in
rock joints to be closely followed and can thus be used to
analyze the characteristics of the shear failure occurring.

As the AE is generated when the material fractures, the
AE signal naturally contains an abundant amount of infor-
mation about the source of the rock failure. By reversely ana-
lyzing the AE signal, the scale of the failure can therefore be
evaluated. Some scholars have used the dominant frequency
in the AE signal to reflect the scale of the failure. Their general
conclusion is that the larger the dominant frequency in the AE
signal, the smaller the scale of the failure [24, 25]. However,
the dominant frequency can only give a qualitative indication
of the failure scale. That is, it cannot be used to quantitatively
measure the real length of the failure scale involved.

In this paper, direct shear tests were carried out on sand-
stone joints while simultaneously monitoring the AE pro-
duced. The results were used to study the characteristics
and scale of the shear failure occurring in the rock joints.
Reasonable values were determined for the parameters of
the AE system to ensure that the AE-monitoring system is
effective. The results of the direct shear tests were combined
with the AE information to investigate the failure character-
istics and failure scale of the rock joints. The results further
our understanding the shear failure mechanisms of joint
rocks. They may also constitute an important reference for
identifying precursory signs of impending shear-induced
disaster in engineering rock masses.

2. Preparation of Joint Specimens and
Testing Scheme

2.1. Specimen Preparation. The sandstone used in this paper
is from the Xiaohong Mountain Processing Plant in Wuhan,
Hubei Province, China. It is composed mainly of quartz,
feldspar, and a very small amount of white mica. The phys-
ical and mechanical parameters of the sandstone used in our
tests are listed in Table 1. Uniaxial compression tests were
performed on cylinders made from the sandstone measuring
100mm (height) by 50mm (diameter). The UCS, Young’s

modulus, shear modulus, and Poisson’s ratio of the sand-
stone were thus obtained. The tensile strength of the sand-
stone was obtained by performing Brazilian splitting tests.
The density of the sandstone was measured by carrying out
physical measurements, as were the velocity of elastic waves
and porosity in the material. The sandstone’s type-II fracture
toughness was determined by carrying out a shear box test;
the type-I fracture toughness was determined by performing
a three-point bending test.

Sandstone joint specimens were fabricated using a 3D-
scanning and 3D-engraving technique. A natural joint in
specimen (Figure 1(a)) was first scanned using 3D-scanning
equipment (Figure 1(b)). The digital point cloud data thus
obtained were subsequently processed to generate a 3D digital
model of the joint (Figure 1(c)). This model was then imported
into a 3D-engraving machine and used to engrave a rectangu-
lar block thus generating the upper block of a joint specimen.
Another rectangular block was then engraved with the inverted
pattern of the joint to obtain the lower block of the joint.
Together, the lower and upper blocks created form a complete
joint specimen ready for shear testing. Further details of the
engraving process are given in the paper by Jiang et al. [2].

The joint specimen size is 150mm × 120mm × 150mm
(Figure 2(a)). The joints are relatively rough with a rough-
ness (JRC value) between 12 and 14. In all, a total of 9 joint
specimens (Figure 2(b)) were made to use in the shear tests
(three different normal stresses were employed, each test
being repeated three times).

2.2. Testing Scheme. According to the research of Jiang et al.
[26], joints subjected to different normal stresses have differ-
ent failure characteristics. In our tests, three values of normal
stresses were adopted: 0.15MPa (a low stress corresponding
to 0.33% of the UCS value), 0.50MPa (an intermediate stress
which is 1.1% of the UCS), and 2.0MPa (a high normal
stress equal to 4.5% of the UCS). The 9 joint specimens were
labeled S-NR-1 to S-NR-9 (Table 2) forming 3 groups of
samples each consisting of specimens subjected to low, inter-
mediate, and high normal stress.

The shear tests were carried out on the RMT-150C
machine from the Institute of Rock and Soil Mechanics,

Table 1: Physical and mechanical parameters of sandstone.

Parameter Index Unit Value

Uniaxial compressive strength UCS MPa 44.63

Young’s modulus E GPa 10.36

Shear modulus G GPa 4.18

Poisson’s ratio ν — 0.24

Tensile strength σt MPa 1.14

Density ρ g/cm3 2.27

Elastic wave velocity Vp m/s 2715

Friction coefficient μ — 0.37

Fracture toughness of type II KΠ MPa·m0.5 2.21

Fracture toughness of type I K IC MPa·m0.5 0.72

Porosity n — 19.2%
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Chinese Academy of Sciences. The normal stress and shear
loads applied were controlled via a servo-controlled system.
The normal stress was applied first (to the required value)
and the shear load was subsequently applied thereafter
(Figure 3(a)).

The shear tests were under constant normal stress with
displacement controlled at a loading rate of 0.005mm/s,
and the maximum displacement was 12mm, which can
ensure the complete failure of the sandstone joints and
obtain the whole stage test curve of the shear failure process.

The AE-monitoring equipment employed was manufac-
tured by the PAC Company. It consists of 16 AE-monitoring
channels, each having 18 A/D accuracy. The equipment is
capable of fast data acquisition and stable signal recording,
making it ideal for directly recording the AE signals pro-
duced during the shear tests.

(c)(a)

Joint
specimens

3D scanning

7.5 cm

12 cm 15 cm

(b)

Research area

Figure 1: Acquisition of rock joint digital model. (a) A natural joint in a rock specimen to use as a template. (b) The 3D-scanning process.
(c) Rock joint digital model.

(b)
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Figure 2: Details of the sandstone joint specimens. (a) Schematic diagram of one joint specimen and (b) 9 joint specimens.

Table 2: Normal stress scheme.

Specimen Group Normal stress (MPa)

S-NR-1 1 0.15

S-NR-2 1 0.5

S-NR-3 1 2

S-NR-4 2 0.15

S-NR-5 2 0.5

S-NR-6 2 2

S-NR-7 3 0.15

S-NR-8 3 0.5

S-NR-9 3 2
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Nano-30 AE sensors (also produced by PAC) were
employed in the experiments. These have high acquisition
sensitivity and good frequency response over the range
125–750 kHz. As the joints mainly fail near the joint surface,
the AE sensors were positioned in a plane close to the joint
(Figure 3(b)). As can be seen, a total of six AE sensors were
employed. They were equally distributed on both sides of the
lower block in the shear direction (i.e., there were three AE
sensors on each side). The six sensors all lie in the same hor-
izontal plane and are located on the two sides of the speci-
men in the shearing direction, thus enclosing the entire
joint surface. This is to optimize their ability to collect the
fracturing signals produced during the shearing process as
much as possible. The dislocation arrangement employed
is chosen to make the difference in distance between any
point in the surface of the rock joint and six sensors as large
as possible. This reduces the possibility that the matrix used
to calculate position suffers from deformity.

3. Calibration of the AE System

The elastic wave released when the rock undergoes fractur-
ing and propagates to the AE sensor through the rock. The
AE system collects the signal above the threshold and con-
verts the signal into a discrete signal according to the sampling

frequency and stores it in the system. The location of the frac-
ture source is determined by the arrival time of the elastic wave
signal and the coordinates of the sensor in the AE system.
During the whole test, some parameters of the AE system
are unique depending on the test scheme used (e.g., the corre-
spondence between sensor number, channel number, and sen-
sor coordinate position). These parameters do not need to be
calibrated and only unique values can be determined by user.

However, the AE threshold and the sampling frequency
have a certain range of values, which need to be calibrated
in combination with the test environment and the spectrum
range of the fracture signal. These two parameters can
strongly influence the AE-monitoring results and even inval-
idate them. If the threshold value is too high, the system may
fail to record some important signals of the rock failure pro-
cess. On the other hand, if the threshold value is too low, the
AE signal may be swamped with noise making the subse-
quent analysis difficult to perform.

The AE sampling frequency is the number of samples
recorded per second when the elastic wave is converted from
an electrical signal into a digital signal. If the sampling fre-
quency is too high, the amount of signal data generated will
be huge. This may lead to system lag or error leakage when
monitoring is carried out over a long period of time. Con-
versely, if the sampling frequency is too low, the signal will
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Figure 3: Details of the testing system. (a) Shear equipment. (b) Layout of the AE sensors.
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be distorted and large errors will be produced in the subse-
quent analysis.

Thus, reasonable values must be selected for these two
parameters in order to ensure that the failure signals are effi-
ciently and accurately recorded. In this way, the characteris-
tics and scale of the shear failure occurring in the specimens
derived via the subsequent analysis will be reliable.

The threshold value of the AE-monitoring system corre-
sponds to the signal amplitude at which AE signals of lower
amplitude are blocked. Only if the amplitude of the signal is
higher than the threshold will the signal be recorded by the
acquisition system. Scholars have adopted different AE
threshold values in their experiments. Some have adopted
a threshold value of 52 dB [27], others have used 50 dB
[23], and many have chosen to use 45 dB [28–32]. However,
no reasons were provided for using these threshold values.
Therefore, we decided to determine a more reasonable value
for the AE threshold value by analyzing the noise in the lab-
oratory and setting up a blank sensor.

In our tests, the shear load is applied to the specimen
using a hydraulic pressure system. Therefore, the noise in
the laboratory is mainly due to environmental white noise
and noise from the hydraulic system. The amplitude of the
environmental white noise is relatively low and so this
source can be easily blocked using a threshold based on the
hydraulic noise. The latter noise has a wide amplitude distri-
bution and so it is necessary to intercept it by setting an
appropriate threshold value. In order to determine the actual
amplitude distribution of the hydraulic noise in the labora-
tory, a blank AE sensor with a threshold value of 30 dB
was attached to the shear equipment. Shear tests were then
carried out (using the highest normal stress value employed
in our tests) so as to obtain the shape of the noise signal
(Figure 4(a)) and its amplitude distribution (Figure 4(b)).
It can be seen that the amplitude distribution of the hydraulic
noise signal lies in the range 30–50dB. Moreover, a threshold
value of 45dB can filter out 94% of the hydraulic noise.

Figure 5 shows the amplitude distribution of the signals
produced due to the shear failure of a joint rock specimen.
The figure indicates that the amplitude distribution above
45 dB conforms to a normal distribution with an expectation
value of 51 dB and variance of 30.21. Furthermore, based on
this normal distribution, it can be calculated that the propor-

tion below 45dB corresponds to 15.8% of the total distribu-
tion. Thus, a threshold value of 45 dB will ensure that most
of the rock failure signals (84.2%) will be detected by the sys-
tem. It will also ensure that most of the noise is filtered out.
Overall, therefore, a threshold setting of 45 dB is both rea-
sonable and reliable.

Theoretically, the greater the sampling frequency, the
better the discrete data represent the real shape of the con-
tinuous signal. However, if the sampling frequency is too high,
the amount of data produced (and hence memory required)
will be huge. At the same time, the demand placed on the
acquisition systemmay exceed the limits of its acquisition abil-
ity if there is a surge in the AE signal. Thus, some (clearly
important) signals may not be recorded. Similarly, too low of
a sampling frequency will lead to the signal being distorted.
This can lead to inaccurate or invalid monitoring results.

The sampling theory states that the sampled data can
accurately describe a continuous signal provided the sam-
pling frequency employed exceeds two times the maximum
frequency contained in the original signal. For this work,
we collected a large number of real rock failure signals via
tests. The time-domain data can then be transformed into
the frequency domain (Figure 6) by subjecting it to discrete
Fourier transformation.

Having considered a large number of rock failure signals
(Figure 7), it is apparent that the AE frequencies in the rock
failure data are mainly concentrated between 150 and
350 kHz. Moreover, the maximum frequency does not
exceed 500kHz; this is in line with the research results of many
scholars [24, 30]. According to sampling theory, therefore, the
sampling frequency used to detect the AE signal should be set
to 1 million sample times per second (1MHz) in order to fully
ensure that the monitoring results are effective.

In conclusion, an AE threshold value of 45 dB and sam-
pling frequency of 1MHz can be expected to work very well
in our experiments.

4. Calculation Method of Failure Scale Using
AE Information

The AE phenomenon is associated with the failure processes
occurring in the material and is a rich source of information
about the fracturing processes responsible. The AE signals
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Figure 4: Hydraulic noise signal. (a) Signal waveform. (b) Signal amplitude distribution.
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released by failure processes of different scales will also be
different. Therefore, it should be possible to evaluate the fail-
ure scale by analyzing the AE information.

In this paper, we establish a method of calculating the
failure scale using the AE information. The method involves
combining the AE moment tensor with the first law of
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thermodynamics and allows the length of the microfractures
generated in the failure process to be calculated, thus giving
a true reflection of the fracture scale in the material.

When a rock is subjected to an external force, microfrac-
turing may occur and the energy thus released can be detected
using an AE sensor. First, the AE signals received are proc-
essed to yield the kinetic energy of the microfracture source.
This information is then combined with the first law of ther-
modynamics to calculate the lengths of the microfractures.

Regardless of any thermal effects, the generation of a
microfracture must conform to the first law of thermody-
namics. We thus have

Ei = Ea + Ed + Ek, ð1Þ

where Ei is the internal energy (i.e., the total work done by
all the stresses acting on the microfracture surface), Ea is
the surface energy on the microfracture surface, Ed is the dis-
sipated energy on the microfracture surface, and Ek is the
kinetic energy on the microfracture surface.

Ea is the energy required to overcome molecular cohe-
sion during fracture. The dissipated energy Ed is mainly
caused by plastic deformation and sliding friction. Ek is the
kinetic energy of vibration on the fracture surface.

The kinetic energy Ek of the microfracture source radi-
ates outwards in the form of an elastic wave. Its value is pro-
portional to the square integral of the particle velocity
spectrum and can be calculated using the AE waveform
envelope. Yamada et al. [33] have provided a formula that
can be used to calculate the kinetic energy:

Ek = 4πL2ρVP

Rp

� �
Rp

 !2ðtd
0
Cvv tð Þð Þ2dt, ð2Þ

Cv =
RpM0

1/3tr Mð Þ + RpM0
, ð3Þ

where L is the distance between the microfracture source
and AE sensor, ρ is the density of the rock, Vp is the elastic
wave velocity in rock, hRpi is the average propagation coeffi-
cient of all the sensors, Rp is the propagation coefficient of a
particular sensor, Cv is the correction term of the volumetric
component, vðtÞ is the particle velocity waveform of the
fracturing source, and td is the duration of the signal.

In order to reduce the gap between the surface of the
sensor and the surface of the rock sample and enhance the
propagation ability of the elastic wave, a coupling agent is
generally used between the rock sample and the sensor.
The propagation process of the elastic wave is from the rock
to the coupling agent and finally to the AE sensor. As elastic
waves propagate between two different media, their ampli-
tude changes, thus requiring a propagation coefficient to
correct the amplitude of the signal received by the sensor.
Based on the elastic wave dynamics, the propagation coeffi-
cient of the sensor Rp can be determined as

Rp =
2w cos θi

w cos θ +
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2 − sin2θ

p , ð4Þ

where w = ρc/ρ and q =Vc/VP , ρc is the density of the cou-
pling agent, Vc is the elastic wave velocity in the coupling
agent, and θi is the angle between the direction of elastic
wave propagation and the normal to the sensor surface.

The symbol M in Equation (3) denotes the moment ten-
sor of the AE source inversion. It can be decomposed into
two parts:

M =

M11 0 0

0 M22 0

0 0 M33

0
BBB@

1
CCCA

= 1
3 tr Mð Þ

1 0 0

0 1 0

0 0 1

0
BBB@

1
CCCA +

m11 0 0

0 m22 0

0 0 m33

0
BBB@

1
CCCA,

ð5Þ

where trðMÞ =M11 +M22 +M33 is the trace of the matrix M
and m11, m22, and m33 are the deviatoric eigenvalues of the
matrix M, M0 = jm11 + 0:5m33j.

The matrix M can be determined by six effective signals
involved in AE positioning:

M =
a11 a12 a13

a12 a22 a23

a13 a23 a33

0
BB@

1
CCA, ð6Þ

u xð Þ = Cs

Rp

L
r1 r2 r3ð Þ

a11 a12 a13

a12 a22 a23

a13 a23 a33

0
BB@

1
CCA

r1

r2

r3

0
BB@

1
CCA, ð7Þ

where uðxÞ is the amplitude of the signal received at the AE
sensor, Cs depends on the sensitivity of the sensor, which
can be determined by the lead break test, and r1 r2 r3ð Þ
is the direction vector from the AE source to the sensor.

As indicated in Equation (6), the matrixM is symmetric.
Through the coordinates of six sensors involved in position-
ing and the received signal amplitude, a11, a12, a13, a22, a23,
and a33 in the matrixM can be solved; it can be diagonalized
and changed as follows:

a11 a12 a13

a12 a22 a23

a13 a23 a33

0
BB@

1
CCA⇒

M11 0 0
0 M22 0
0 0 M33

0
BB@

1
CCA =M: ð8Þ

Thus, the correction value of the volumetric component
Cv in Equation (4) can be solved.

The AE signal is collected and stored by converting the
particle vibration velocity (m/s) into a voltage signal (mV).
Therefore, there is a relationship between the particle vibra-
tion velocity waveform vðtÞ and corresponding voltage sig-
nal waveform uðtÞ:

v tð Þ = u tð Þ
St , ð9Þ
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where St is the sensitivity value of the sensor (in dB). The
sensor manufacturer will conduct a sensitivity test on the
sensor and give a sensitivity curve, and the maximum ampli-
tude value on the sensitivity curve is used as the sensitivity
value. When there are several AE sensors, the average value
of the sensitivity is taken as the sensitivity value of the over-
all system.

Therefore, Equation (3) can be converted to

Ek = 4πL2ρVPCv
2Rp

2 1
St2
ðtd
0
u tð Þ2dt: ð10Þ

During the AE-monitoring process, the monitoring sys-
tem can automatically calculate the RMS value of the signal.
That is, it finds the root-mean-square value of the signal over
the sampling time:

RMS =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
td

ðtd
0
u tð Þ2dt

s
: ð11Þ

Inserting Equation (11) into Equation (10) yields

Ek = 4πL2ρVPCv
2Rp

2 1
St2

RMS2td: ð12Þ

As the internal energy Ei, surface energy Ea and dissi-
pated energy Ed of tensile fracture and shear fracture are dif-
ferent. Thus, different calculation methods are required for
tensile and shear fracturing. Thus, the two different cases
need to be discussed separately.

Zhang et al. [34] managed to derive an equation for the
internal energy Ei of a shear fracture by assuming that: (i)
the rock mass is homogeneous and isotropic, (ii) the shear
fracture range is a disk of radius a, and (iii) the shear frac-
ture occurs instantly:

Ei =
1:52π2 0:66τ2 + 0:68τuσn − 1:34u2σn

2� �
a2

4G , ð13Þ

where τ is the shear stress on the shear fracture surface, u
is the effective friction coefficient, G is the shear modulus,
and σn is the normal stress on the shear fracture surface.
Meanwhile, the dissipated energy Ed can be expressed in
the form [24]

Ed =
1:52π2 τuσn − u2σn

2� �
a2

2G : ð14Þ

Furthermore, the surface energy on the shear fracture
surface can be expressed in the form [35]

Ea =
2π 1 − v2
� �

K2
∐a

2

E
, ð15Þ

where v is Poisson’s ratio, K∐ is the type-II fracture
toughness, and E is Young’s modulus.

Combined with Equations (2) and (12)–(15), the failure
scale of the shear fracture can be expressed in the form

ds = 2a = 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4L2ρVPCv
2Rp

2 1/St2ð ÞRMS2td
� �

1:0032π τ − uσnð Þ2/4G� �
− 2 1 − v2ð ÞK2

∐/E
� �

s
:

ð16Þ

When tensile fracturing occurs, the dissipated energy Ed
can be ignored as sliding does not occur between the fracture
surfaces [35]. The internal energy Ei of the tensile fracture
surface can be expressed in the form [36]

Ei =
1 − v2
� �

πσ2
na

2

E
: ð17Þ

Surface energy Ea on tensile fracture surface can be
expressed in the form

Ea =
2 1 − v2
� �

K2
ICa

2

E
, ð18Þ

where v is Poisson’s ratio, K IC is the type-I fracture tough-
ness, and E is Young’s modulus.

Combination of Equations ((2)), ((12)), ((17)), and
((18)) yields the following expression for the failure scale
of the tensile fracture:

dt = 2a = 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4πL2ρVPCv

2Rp
2 1/St2ð ÞRMS2td
� �

1 − v2ð Þπσ2
n/Eð Þ − 2 1 − v2ð ÞK2

IC/Eð Þ

s
: ð19Þ

Equations (16) and (19) can calculate the failure scale
for tensile fracture and shear fracture. The calculation
process is to first distinguish the fracture type and then
calculate the failure scale based on the corresponding
equation. The moment tensor of the AE source inversion
is able to identify the fracture type, and the matrix M can
be determined by six effective signals involved in the AE
positioning (Equation (6)). The three eigenvalues of the
matrix M are λmax, λint, and λmin. The fracture type of
the failure can be determined based on the three eigen-
values (Equations (20), (21), and (22)).

λmax
λmax

= X + Y + Z, ð20Þ

λint
λmax

= −0:5Y + Z, ð21Þ

λmin
λmax

= −X − 0:5Y + Z: ð22Þ

If X is greater than 0.6, it is shear fracture, if X is less
than 0.4, it is a tensile fracture, and if X is between 0.4
and 0.6, it is a mixed tensile-shear fracture. The failure
scale of the shear fracture is calculated by Equation (16);
the failure scale of the tensile fracture is calculated by
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Equation (19); the failure scale of the mixed tensile-shear
fracture is the average value of Equations (16) and (19).

In summary, the failure scale of fractures can be deduced
by analyzing the signals received by the AE sensors and
combining the first law of thermodynamics.

5. Results and Analysis

5.1. Shear Failure Characteristics of Rock Joints. The direct
shear tests (and simultaneous AE monitoring) were carried
out on the jointed sandstone specimens using three applied

0

10

20

30

40

50

60

0 500 1000 1500 2000 2500 3000

Sh
ea

r l
oa

d 
(k

N
)

Time (s)

0.15 MPa

0.5 MPa

2 MPa

–0.5

0

0.5

1

1.5

2

2.5

0 500 1000 1500 2000 2500 3000

N
or

m
al

 d
isp

la
ce

m
en

t (
m

m
)

Time (s)

0.15 MPa
0.5 MPa
2 MPa

(a) (b)

Figure 8: Results of the shear tests: (a) shear load curves and (b) normal displacement curves.
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normal stresses. The results of the shear tests are shown in
Figure 8 and the corresponding AE data are demonstrated
in Figure 9.

The shapes of the shear curves presented in Figure 8(a)
are essentially the same regardless of the normal stress
applied to the sandstone joint specimen. In each case, as
the shear displacement increases, the shear load gradually
increases, reaches a peak value, and then gradually decreases
to a constant residual value. In addition, the maximum shear
load recorded clearly increases with the magnitude of the
applied normal stress.

According to the normal displacement curves shown in
Figure 8(b), only a small amount of deformation occurs in
the normal direction when a normal stress of 2MPa is
applied. As the normal stress is reduced to 0.5MPa and then
to 0.15MPa, the maximum normal deformation increases
accordingly. Thus, the applied normal stress strongly
inhibits the normal deformation of the jointed sample.

Figure 9(a) shows that the maximum number of AE
events recorded per second by the monitoring system is
261 hits/s when the low normal stress (0.15MPa) is used.
Moreover, as the normal stress is increased, the maximum
AE activity also increases, reaching peak values of 416 hits/
s when the intermediate stress (0.5MPa, Figure 9(b)) is used

and 657 hits/s when the high stress (2MPa, Figure 9(c)) is
used. Thus, the number of AE hits recorded per second
increases as the applied normal stress increases. This varia-
tion is presented more clearly in Figure 9(d) which shows
that the cumulative number of AE hits recorded clearly
increases with increasing normal stress.

The above results show that the peak shear load
increases as the normal stress is increased. The severity of
the shear failure also increases. The surfaces of the joints in
the sandstone are naturally red in color. To help show which
parts of the joint are undergoing failure, black ink was
applied to the surface of the joint before shear testing was
performed. The evolution of the shear failure process could
then be followed by combining photographs of the specimen
surfaces after testing with the results of the AE location tests.
The results are shown in Figure 10.

The joints used in our tests appear to undergo failure in
four main areas (highlighted by the red dotted lines shown
in Figure 10 which correspond to regions in which the black
ink has clearly been disturbed). No other areas appear to
undergo failure as the normal stress is increased but the sizes
of the main four failure areas can be seen to grow in magni-
tude. This indicates that the joints undergo shear failure in
certain specific localized regions. This is undoubtedly caused
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Figure 10: Spatiotemporal evolution of the shear failure of sandstone joints subjected to different normal stresses.
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by the inhomogeneity of the joint surface which effectively
leads to a distribution of shear angles being formed on the
joint’s surface.

In Figure 10, the complete shearing process is divided
into three stages corresponding to 0–400 s (mainly corre-
sponding to the prepeak region of the shear curve), 400–
800 s (region near the peak), and 800–2000 s (region where
the residual shear loading occurs). It can be seen that the
number of AE events occurring in the vicinity of each of

the four failure areas increase in each stage. This indicates
that the four regions undergo failure synchronously as the
shear displacement is increased. In other words, it is not a
case of one area failing first and then other areas failing sub-
sequently. That is, the surface as a whole undergoes shear
failure (in localized areas) at the same time.

In summary, the failure degree of rock joints increases
with the increase of normal stress; shear failure characteris-
tics of rock joints have localized and synchronous failure.
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5.2. Shear Failure Scale of Rock Joints. The Nano-30 AE
sensors used in our experiments have a sensitivity of
58 dB. The density of the coupling agent is 0.98 g/cm3,
and the elastic wave velocity in the coupling agent is
2210m/s. According to Section 4, the length of micro-
fracture in the shear process of sandstone joints can be
calculated.

Figure 11 shows the distributions of the lengths of the
microfractures thus derived. It should be noted that as the
microfractures produced can vary widely in length, loga-
rithmic length scales are adopted in Figure 11.

The microfractures generated in sandstone joints sub-
jected to a normal stress of 2MPa have lengths ranging
from 0.02mm to 1.19mm (or –1.6 to 0.1 using the log
scale adopted in Figure 11(a)). Their average length is
0.215mm. Those generated in joints subjected to a nor-
mal stress of 0.5MPa (Figure 11(b)) lie in the range
0.02–0.75mm (–1.6 to –0.1 using the log scale), and their
average length is 0.145mm. Finally, when a normal stress
of 0.15MPa is used (Figure 11(c)), the microfractures
generated have lengths in the range 0.02–0.49mm (–1.6
to –0.3 using the log scale) and their average length is
0.094mm.

Overall, it can be seen that the maximum length of the
microfractures generated increases as the normal stress
applied to the joint is increased. As a result, the average
microfracture length also gradually increases.

Scanning electron microscopy and mineral grain iden-
tification experiments were also carried out on the sand-
stone used in the shear tests (Figure 12). The results
indicate that the sandstone is mainly made of quartz
(60%) with grain sizes ranging from 0.06mm to 0.45mm.
It also contains a small amount (5%) of feldspar with grain
sizes ranging from 0.06mm to 0.25mm. There is also a small
amount of dolomite present. Overall, the grains in the sand-
stone fall in the size range 0.06–0.45mm (or –1.1 to 0.3 using
the log scale adopted in Figure 12(b)) and the average grain
size is 0.21mm.

As shown above, the average length of the microfractures
generated when shear tests were carried out using a normal
stress of 2MPa is 0.215mm. When a lower normal stress
of 0.5MPa is applied, the average crack length decreases to
0.145mm. These averages are essentially consistent with
the average grain size in the sandstone. If the normal stress
is reduced even further (to 0.15MPa), then the average
length of the microfractures generated (0.094mm) falls to
roughly half the average grain size. This is still consistent
with the conclusion that the average length of the microfrac-
tures is of the same order as the average grain size of the
mineral components [34].

It should be noted that the maximum microfracture
length when the high normal stress was used corresponds
to about 6 times the average grain size of the mineral
components. Using an intermediate normal stress yielded
microfractures with a maximum length up to 4 times the
average grain size of the mineral components. Finally,
under low normal stress conditions the maximum length
of the microfractures was up to 2 times the average grain
size of the mineral components.

6. Conclusions

Direct shear tests were carried out in this paper on sand-
stone joint samples subjected to three different values of nor-
mal stress. The AE in the samples was also monitored at the
same time.

The following conclusions can be drawn from the study:

(1) The characteristics of the ambient noise signals and
rock fracture signals can be investigated and used
to derive reasonable values for the AE threshold
and sampling frequency used in the AE-monitoring
system. The values chosen must ensure that the sig-
nals produced as the rock undergoes shear failure
can be effectively detected and recorded. They must
also ensure that the background noise is effectively
eliminated

(2) An expression can be established for the kinetic
energy of the fracture surface using the AE informa-
tion. The energy components involved in the failure
process can then be analyzed. The results can be
combined with the first law of thermodynamics to
establish a method of calculating the scale of the
tensile-shear fractures based on the AE data collected

(3) The rock joints failure more extensively when a
greater normal stress is applied. The rock joints
simultaneously undergo shear failure in several
localized regions of the joint surface. That is, the fail-
ure occurs synchronously in the different shear areas
rather than sequentially

(4) The average length of the microfractures generated
in the process of shear failure is essentially consistent
with the average size of the grains in the rock. How-
ever, the maximum length of the microfractures
appears to vary with the normal stress applied. If
the normal stress is high, the maximum length can
be up to 6 times the average grain size. This falls to
about 4 times if an intermediate normal stress is used
and about 2 times if the normal stress is low

Abbreviations

UCS: Uniaxial compressive strength
E: Young’s modulus
G: Shear modulus
ν: Poisson’s ratio
σt : Tensile strength of rock
ρ: Density of rock
ρc: Density of coupling agent
Vp: Elastic wave velocity in rock
Vc: Elastic wave velocity in coupling agent
μ: Effective friction coefficient
KΠ: Fracture toughness of type II
K IC: Fracture toughness of type I
n: Porosity
JRC: Joint roughness coefficient
Ei: Internal energy
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Ea: Surface energy
Ed : Dissipated energy
Ek: Kinetic energy
L: Distance between a microfracture source

and AE sensor
Rp: Propagation coefficient of a sensor
hRpi: Average propagation coefficient of all

sensors
θi: Angle between the direction of elastic wave

propagation and the normal to the sensor
surface.

Cv: Correction term of the volumetric
component

vðtÞ: Particle velocity waveform
td : Duration of a signal
M: Moment tensor
m11,m22,m33: Deviatoric eigenvalues of the matrix M
λmax, λint, λmin: Eigenvalues of the matrix M
uðxÞ: Amplitude of the signal
Cs: Magnitude of the sensor response
ðr1, r2, r3Þ: Direction vector from an AE source to the

sensor
uðtÞ: Voltage signal waveform
St: Sensitivity of the sensor
RMS: Root mean square (of a signal)
τ: Shear stress
σn: Normal stress
a, d: Half-length and diameter of a

microfracture.
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