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The joint morphology is multiscale. The effect of each asperity order on the mechanical properties of joints is different. The shear
mechanical properties of joint specimens are related to its surface damage characteristics. At present, there are still few studies on
the effect of roughness on the shearing mechanical properties of joint from the perspective of damage of each asperity order. In this
paper, the standard roughness profile was chosen as initial morphology. The standard roughness profile was decomposed into
waviness and unevenness by the method combine the ensemble empirical mode decomposition (EEMD) and the cut-off
criterion. Then, the joint specimen which contains waviness and unevenness and the specimen which only contains waviness
were prepared by the 3D engraving technology. The 40 sets of joint specimens with different asperity order were subjected to
direct shear tests under different normal stresses. Based on the 3D scanning technology and ICP iterative method, the damaged
area and the damage volume were calculated. Based on the damage volume data and the acoustic emission (AE) data, the effect
of asperity order to the joint mechanical behaviour was studied. The results indicate that (1) under low normal stress, the
unevenness plays a control role in the failure mode of the joint specimen. Under low normal stress, the joint surface containing
only waviness exhibits slip failure, and the joint surface with unevenness exhibits shear failure. With the increase of the normal
stress, the failure mode of the specimen containing only waviness changes from slip failure to shear failure; (2) the unevenness
controls the damage degree of the joint specimen. The damaged area, damage volume, AE energy rate, and accumulative AE
energy of the joint specimen with unevenness are larger than those of the specimen with only waviness, and this difference
increases with the normal stress increase; (3) the difference between the joint specimen with unevenness and specimen with only
waviness mainly exists in the prepeak nonlinear stage and the postpeak softening stage. The characteristic parameters of
acoustic emission generated in the postpeak softening stage of the joint specimen with unevenness are greater than those of the
specimen with only waviness. This phenomenon can be used to explain the stress drop difference at the postpeak softening
stage; (4) the AE b value can be used to evaluate the damage of joint specimens. Analysing the damage difference of each
asperity order under different normal stresses is of great significance to the analysis of the influence of the morphology of the
joint surface on the mechanical properties of the joint.

1. Introduction

The rock mass contains a large number of weak planes, such
as rock joints, bedding planes, and fractures, caused by
underground excavations and geothermal energy reservoir
production [1-4]. The stability of the rock mass was con-
trolled by the shear strength of these weak planes [5]. The
shear strength of the rock joint was influenced by many
parameters, such as normal stress, uniaxial stress, surface

asperity, and joint match ratio. Among these parameters,
the surface asperity is highly crucial [6-8].

The surface asperity is multiscale [9]. According to its
geometric characteristic, the surface can be divided into pri-
mary asperity (waviness) and secondary asperity (uneven-
ness). Patton [10] found that the effect of waviness and
unevenness to the shear behaviour is different at first. In
order to further explore their influence on the shear behav-
iour of the joint specimen, further shear tests were conducted
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on the joint specimen. It is concluded that when the normal
stress is low, the unevenness plays a key role in the shear
behaviour; on the contrary, the waviness plays a control role
in the shear behaviour of the joint specimen[11-15]. How-
ever, the research object of the abovementioned research is
the joint specimen that contains both waviness and uneven-
ness. In order to understand the influence of the waviness
and unevenness on the shear behaviour of the joint speci-
mens, it is necessary to decompose the joint surface into
waviness and unevenness for analysis.

There are many ways to decompose the joint surface into
waviness and unevenness, such as the Fourier series method
[16-18], Gaussian filter method [19], different sampling
interval method [20, 21], and wavelet analysis method [22-
26]. The above methods have their own advantage and disad-
vantage it is still not known which one is the best up to now.
Yang et al. [17, 18] identify the waviness and the unevenness
of the joint surface by visual comparison. Jiang et al. [19] and
Hong et al. [27] used the cut-off wavelength to distinguish the
waviness and unevenness. Zou et al. [23], Wang et al. [24],
Gui et al. [25], and Li et al. [26] proposed a critical cut-off
level by the variance of the approximate component and
think that, the critical decomposition is achieved when the
standard deviation of the approximate component drops
significantly. It is also proposed that the unevenness of the
joint surface should obey the Gaussian distribution, and its
distribution can be checked by the Shapiro-Wilk test method.
At the same time, there is no unified criterion for the critical
decomposition level of waviness and unevenness. Therefore,
further research is needed in the decomposition method
and critical decomposition level.

Yang et al. [18] reconstruct the joint surface containing
the waviness and unevenness and the surface only containing
the waviness by the Fourier series method and found that the
waviness plays a control role in the normal displacement
during the shear process. Hong et al. [28] divide the joint
surface into waviness and unevenness by the Gaussian filter-
ing method and then explore their mechanical contribution
to the shear strength of the joint specimen under low normal
stress and believed that identifying the degradation of the
unevenness is important for evaluating the contribution of
the waviness and unevenness to the peak shear strength.
Yang et al. [18] proposed that there has a direct relationship
between the damaged area caused by shearing and the shear
strength under low normal stress. So the damage height of
the joint specimen will affect the mechanical behaviour of
the joint specimen. However, Yang et al. [18] and Hong
et al. [28] analysed the damage of the joint specimen from
two-dimensional rather than three-dimensional to capture
the asperity damage.

The damaged area and damage volume of the joint sur-
face can only reflect the damage ratio at the end of the
shear test, and it is difficult to reflect the damage evolution
process during the shearing process [29, 30]. Acoustic emis-
sion technology is widely used to study the damage of joint
specimen during shear [31]. Zhou et al. [32] analysed the
change rule of acoustic emission signal during the shear
process and proposed that the changing law of AE events
and energy rate was greatly affected by the roughness and
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normal stress. Moradian et al. [33] used acoustic emission
technology to analyse the damage evolution during shear
and found that joint specimen with more unevenness pro-
duced more AE energy. Meng et al. [34] analysed the acoustic
emission signals of the joint specimen with different litholo-
gies (granite, marble, cement, and similar materials) under
different conditions (normal stress, shear rate) and proposed
that the shear damage can be characterized by acoustic emis-
sion parameters (cumulative energy and cumulative events).
Chen et al. [35] used 3D scan technology to quantify the
shear damage volume and monitored the acoustic emission
energy during the shear and then established the relationship
between joint specimen damage volume and acoustic emis-
sion energy.

In summary, the asperity order shows an important
effect on the shear behaviour of the joint specimen, which
is mainly reflected in the contribution difference of the
waviness and unevenness to mechanical characteristics of
rock joints. It can be indicated that the damaged area is
one of the factors affecting the shear strength of the joint
specimen. However, current understanding about the
impact of the asperity order on the damage degree of the
joint specimen is still insufficient, and further research is
needed to quantify the difference in the damage degree
caused by the asperity order. Besides, the standard roughness
profile was chosen as initial joint morphology, and the stan-
dard roughness profile was digitized by the gray-scale image
processing method and decomposed into the waviness and
unevenness by the method which combines the EEMD and
cut-off level criterion. Six standard roughness profiles
(6"~10" standard profile) and their decomposed waviness
component were chosen as the engraving path to prepare
the joint specimen, and shear tests under different normal
stresses were carried out. The acoustic emission system was
used to monitor the damage of the joint specimen during
shearing. The 3D scanning and ICP iteration method were
used to quantify the damaged area and damage volume of
the joint specimen; finally, the acoustic emission parameter
AE-b value was used to characterize the influence of the
asperity order on the damage of the joint specimen.

2. Test Method

2.1. Standard Roughness Profile Decomposition

2.1.1. The Method for Decomposition Standard Roughness
Profile. In this paper, the standard roughness profile
(Figure 1(a)) was chosen as the initial morphology and digi-
tized by the gray-scale image processing method [36]. Then,
the digitizing data was utilized to reconstruct the standard
roughness profile in the origin software (Figure 1(b)). It can
be found that the standard roughness profile and the recon-
structed profile were similar by visual comparison.

The joint profile can be regarded as stationary signal
patterns [37]. And the profile can be treated as the super-
position of a series of simple sine and cosine waves. The
ensemble empirical mode decomposition (EEMD) [38],
as a mathematical method, has been widely used in signal
processing. Thus, the EEMD can be used to decompose
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FIGURE 1: (a) The picture from Barton. (b) The picture reconstructed by the gray-scale image method.

the joint profile. The empirical mode decomposition (EMD)
also can be used in signal processing. Unfortunately, the
mode mixing will appear when using the EMD in signal pro-
cessing. However, the EEMD can avoid the mode mixing by
add white noise series in the corresponding IMFs. And the
additional white noise series can erase each other in the final
mean of the corresponding IMFs. The IMFs will stay within
the natural dyadic filter windows, and this way can reduce
the probability of mode mixing significantly and preserve
the dyadic property. The proposed EEMD is developed as
follows [39]: (1) add a white noise series to the target data,
(2) decompose the data with added white noise into IMFs,
(3) repeat steps 1 and 2 but with different white noise series,
and (4) obtain the (ensemble) means of corresponding IMFs
of the decompositions as the final result.

Like wavelet analysis [23], EEMD only decomposes the
signal into approximate and detailed components. In order
to decompose the standard roughness into primary asperity
(waviness) and secondary asperity (unevenness), the cut-off
level criterion with a clear mathematical definition is still
needed. According to the description by the International
Society of Rock Mechanics and Rock Engineering (ISRM),
the waviness is defined by the dominating and large-scale
overall wavy surface undulation to reflect the macroscopic
fluctuations of the surface morphology, and the unevenness
is defined by the generally randomly distributed small-scale
unevenness. When the decomposition level is low, as the
decomposition level increased, the approximate component
became closer and closer to the macroscopic fluctuation in
the standard roughness profile. And the approximate com-

ponent is still similar to the standard roughness profile. How-
ever, when the decomposition level exceeded a certain level,
part of the macroscopic fluctuation features was extracted
as detailed components, and the similarity between the
approximate component and the standard roughness profile
declined rapidly, so the similarity can be chosen as a criterion
to determine the cut-off level. In this paper, cosine similarity
is used to judge the similarity between the approximate com-
ponents and the original standard roughness profile because
the unevenness can be regarded as a nonstationary random
process following the Gaussian distribution [40]. In this
study, the Kolmogorov-Smirnov (K-S) test [41] was chosen
to verify the distribution of the unevenness.

2.1.2. The Decomposition Result of the Standard Roughness
Profile. Combining the EEMD and the cut-off level criterion,
the waviness and unevenness can be decomposed from the
standard roughness profile, as shown in Figure 2. It can be
seen that the waviness is characterized by large amplitude
and low frequency, which can reflect the macroscopic fluctu-
ation of the standard roughness profile, and the unevenness
is characterized by small amplitude and high frequency.
The characteristics of the waviness and the unevenness corre-
spond to the qualitative description given by the ISRM,
which means that the method which combines the EEMD
and the cut-off level criterion can be used to decompose the
standard roughness profile.

2.2. Joint Specimen Preparation and Test Plan. Considering
the difficulty by the traditional way, such as tensile fracture,
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FIGURE 2: The decomposition result of the standard roughness profile.

saw flat joint with undulating or irregular surface, and silicon
cast of the natural or stylized joint to produce large number
of joint specimens with the same morphology, the 3D rigid
engraving method [42, 43] was proposed in this study; this
method can prepare a large number of joint specimens with
the same morphology by rock material. Based on the digi-
tized profile, the joint specimen containing standard rough-
ness profile and the specimen containing only waviness
were sculpted by the digital-control engraving machine
(MK-6060). As shown in Figure 3, this machine is composed
of the computer control system, spindle, operating table,
cooling water circulation system, and milling cutter. The
positioning accuracy of the spindle of this equipment is
0.1 mm. In order to ensure the accuracy of the joint surface,
the distance between the engraving paths is set to 0.2 mm,
and the diameter of the cutter head is 0.4 mm in this study.

The engraving process can be divided into 4 steps, just as
shown in Figure 4.

5°~10" standard roughness profile was chosen as initial
surface morphology in this study. A total of 40 sets of joint
specimens were prepared with the same raw material (red
sandstone) whose mechanical parameter is shown in
Table 1. Among these specimens, there are two types of spec-
imen including only the waviness and specimen including
the waviness and the unevenness.

A total of 40 sets of the joint specimen were subjected to
the compression shear test, and the test plan is shown in
Table 2. Three normal stresses (0.0125UCS, 0.05UCS, and
0.1UCS) were applied to the joint specimen which initial
roughness coefficients equal to 9.5, 14.5, 16.7, and 18.7.Four
normal stresses (0.0125UCS, 0.05UCS, 0.1UCS, and
0.2UCS) were subjected to the joint specimen which initial
roughness coefficients equal to 10.8 and 12.8. In this study,
the normal stress whose ratio to the uniaxial compressive

strength is not more than 0.2 is regarded as low normal
stress.

2.3. Test Procedure

2.3.1. Direct Shear Apparatus. The YZW-30A microcomputer-
controlled electronic rock direct shear apparatus was adopted
in this study. its maximum axial (tangential) load is 250 kN,
and the load way includes displacement control and stress
control, as shown in Figure 5(a). Thet loading process can be
divided into two steps, normal stress loading and shear stress
loading. At the normal stress loading process, the load rate is
0.3 mm/min. When the normal stress reaches the target value,
the shear stress loading starts with a load rate of 0.3 mm/min
until the shear displacement reaches 8 mm. Both normal stress
loading and shear stress loading methods are displacement
control methods.

2.3.2. Acoustic Emission Monitoring System. The acoustic
emission monitoring system (Express-8, PAC) was used to
monitor the damage during the whole shear process, as
shown in Figure 5(b). It consists of an 8-channel acoustic
emission signal acquisition system (Express-8), 4 preampli-
fiers (Figure 5(b), 2), 4 sensors (Figure 5(b), 3), and an acous-
tic emission signal processing system (AEWin). The AE
sensors have a resonant frequency of 140 kHz and operating
frequency range from 125 to 400 kHz. In order to eliminate
the influence of noise generated by the test apparatus, the
threshold was set to be 40 dB. The data acquisition frequency
was set as 5 MHz. Four sensors were adhered on the lower
part of the joint specimen. The distance between the probe
and the bottom of the sample is about 35 mm, and the dis-
tance from the left and right sides of the joint specimen was
both 10 mm, respectively, and the position can be seen in
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F1cure 3: The 3D digital-control engraving machine.
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FIGURE 4: Schematic of the engraving process for a rock joint.

TaBLE 1: The basic mechanical properties of the red sandstone.
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Figure 5(b), 4. In addition, a thin layer of Vaseline was
applied to the interface between the rock specimen and the
AE sensors for good acoustic coupling.

2.3.3. Surface Damage Characterization. A 3D light scanner
(Cooper-Pro, Thunk3d, as shown in Figure 5(c)) was used
to measure the surface morphology joint specimen before
and after shear. The single frame accuracy, scanning range,
and scanning speed of this scanner are 40 ym, 200 mm, and
0.3 s, respectively.

3. Results and Analysis
3.1. Test Result

3.1.1. Shear Behaviours. The shear stress against shear dis-
placement for all joint specimens is shown in Figure 6.

Under low normal stress, the joint specimen which con-
tains the unevenness shows higher peak shear strength and
obvious postpeak stress drop as compared with the speci-
men only containing the waviness, as shown in Figure 6.
The whole shear stress vs. shear displacement curve can
be divided into 3 sections, climbing zone, gnawing zone,
and slip zone. The whole curve only includes the climbing
zone and the slip zone for the joint specimen only contain-
ing waviness. When the normal stress was 9.6 MPa, the
postpeak stress drop became obvious for the joint specimen
only containing waviness, and the whole curve also can be
divided into 3 sections, climbing zone, gnawing zone, and
slip zone, as shown in Figures 6(b) and 6(c). Under low nor-
mal stress, the difference of mechanical behaviour between
the specimen containing unevenness and the specimen only
containing waviness mainly appeared in the prepeak nonlin-
ear stage and the postpeak stage.

3.1.2. Damage Characteristic. Figure 7 shows the joint surface
which has a roughness coefficient equal to 9.5 after shear
under different normal stress. We can find that the colour
of the damaged area is lighter than the undamaged area. So
the damaged area difference between the joint specimen
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Joint roughness Asperity order Normal stress
JRC=9.5 Waviness+unevenness 0.6 MPa, 2.4 MPa, 4.8 MPa
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FIGURE 5: Test apparatuses. (a) Direct shear equipment (YZW-30A). (b) AE system (PAC Express-8). (c) 3D scan system (Cooper-Pro,

Thunk3d).
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F1GURE 7: The joint surface after the shear test under different normal stresses.

containing unevenness and the specimen only containing
waviness can be identified by visual comparison. The joint
surface of the other specimen which has roughness coeffi-
cients equal to 10.8, 12.8, 14.5, 16.7, and 18.7 after shear
under different normal stresses can be found in Appendix 1.
As shown in Figure 7, under low normal stress, there are
only scratches that appear on the surface of the joint speci-
men only containing waviness, while there is obvious shear
damage that appears on the surface of the joint specimen
containing unevenness. When the normal stress was
9.6 MPa, the surface of the joint specimen that only contains
waviness also shows obvious shear damage, as shown in
Appendix 1. It can be inferred that, under low normal stress,
the failure mode of the joint specimen only containing wavi-
ness is dominated by sliding wear, while the joint specimen
containing unevenness is dominated by shear failure. The fail-
ure mode of the joint specimen only containing waviness
changes from sliding wear to shear failure as the normal stress
increases. Comparing Figures 7(a)-7(c) or Figures 7(d)-7(f),
it can be seen that the damaged area increased with the
increase of normal stress. This means that the damage degree
increases with the increase of normal stress regardless of
whether the joint specimen contains unevenness or not.
Comparing Figures 7(a) and 7(d), Figures 7(b) and 7(e), or
Figures 7(c) and 7(f), it can be seen that the damaged area
of the joint specimen containing unevenness is larger than
that of the joint specimen only containing waviness. And this
difference increases with the normal stress increase.

3.1.3. Acoustic Emission (AE) Energy. The mechanical char-
acter difference is related to the damage difference between
the two types of joint specimen. As shown in Figure 6, the
mechanical character difference mainly appeared in the

prepeak nonlinear stage and the postpeak stage. However,
the damaged area and damage volume just reflect the dam-
age degree at the end of the shear process. AE energy, a
parameter which can reflect the damage generated during
shear, was chosen to reflect the damage during the shear
process. This section will analyse the effect of asperity order
on the mechanical character of the joint specimen from the
AE energy difference during the shear process.

Figure 8 shows the energy rate and the AE energy during
the whole shear process. Figure 8 just shows the result of the
specimen which roughness coefficient equal to 9.5; the result
of the other specimen can be found in Appendix 2. It can be
seen from Figure 8 that the energy rate vs. the shear displace-
ment curve can be divided into 4 stages: nearly zero at the
beginning, rising, falling rapidly, and keeping stable in the
final. Correspondingly, the shear stress vs. the shear displace-
ment can be divided into 4 stages: prepeak linear stage,
prepeak nonlinear stage, postpeak stage, and residual stage.
Comparing the stress stage and the energy rate stage, it can
be found that different stress stages showed different energy
rate characters. Prepeak linear stage: the shear stress is small,
and the joint surface is still in an elastic state. Correspond-
ingly, the energy rate is also low, which means that in this
stage the joint specimen is hardly damaged. Prepeak nonlin-
ear stage: in this stage, the shear stress increases rapidly with
the increase of the shear displacement, and the specimen
begins to climb along the surface. The energy will generate
in the climb process, and the energy rate almost reaches the
peak at the end of this stage; postpeak stage: at this stage,
the shear stress decreases continually. And the decrease rate
gradually decreases with the shear displacement increase. At
the beginning of this stage, a large number of asperities were
damaged, which produce a lot of acoustic emission events,
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so the energy rate is still high. With the displacement
increase, the number of the asperity which can provide
resistance gradually decreased, which leads to the number
of the asperity being sheared gradually decreasing. There-
fore, the energy rate gradually decreased at the end of the
postpeak stage. Residual stage: at this stage, the shear stress
keeps stable. The asperity which can provide resistance has
almost been damaged at the postpeak stage. And the contact

rate is at a low level and almost unchanged. So the energy
rate at this stage was basically stable at a relatively low level.

Figure 9 shows the peak energy rate and cumulative
energy under different normal stresses. It can be seen that
the peak energy rate and cumulative AE energy increased
with the normal stress increases for the joint specimen with
the same morphology, which indicates that the damage ratio
increases with the normal stress. The peak energy rate and
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FIGURE 11: Schematic of calculating the damaged area ratio and damage volume.
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F1GURE 12: Surface height deviation under different normal stresses.

cumulative energy of the joint specimen containing uneven-
ness were higher than those of the specimen only containing
waviness, which means that the damage degree of the joint
specimen containing unevenness was higher than that of
the joint specimen only containing waviness.

3.2. Result Analysis

3.2.1. Asperity Order Effect on the Shear Strength. Figure 10
shows the peak shear strength and residual shear stress for
different specimens under different normal stresses. It can
be seen that (1) the peak shear strength and the residual shear
stress of two types of joint specimens both increased with the
surface roughness increase under the same normal stress. (2)
The peak shear strength of the joint specimen containing
unevenness was higher than that of the specimen only con-
taining waviness. This difference in peak shear strength
increased as the normal stress increased under low normal
stress, which means that unevenness plays a control role in
the mechanical behaviour under the low normal stress. When
the normal stress is large, the difference in peak shear strength
is almost zero, which means that waviness plays a control role
in the mechanical behaviour under large normal stress.

The peak shear strength of the joint specimen was related
to the average inclination angle of the surface [10, 44, 45].
According to the description by the ISRM, waviness is defined
by the dominating and large-scale overall wavy surface undu-
lation to reflect the macroscopic fluctuations of the surface
morphology, and unevenness is defined by the generally ran-
domly distributed small-scale unevenness. Comparing the
waviness and the unevenness, the unevenness’s inclination
angle is larger than the waviness’s. So the average inclination
angle of the joint specimen containing unevenness is greater
than that of the specimen only containing waviness. There-
fore, the peak shear strength of the joint specimen containing
unevenness is greater than that of the sample only containing
waviness. At the residual stage, almost all the unevenness was
cut off and the contact ratio in the residual stage was reduced
due to the dilatancy; this makes the surface morphology of
the joint specimen containing unevenness be similar to that
of the joint sample only containing waviness.

3.2.2. Asperity Order Effect on the Damage Ratio. The
mechanical character difference is related to the damage dif-
ference between the two types of the joint specimen. In order
to characterize the damage difference between the two types
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FiGure 13: The damaged area ratio of the joint specimen with
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of the joint specimen, the damaged area and damage volume
were calculated in this section. The morphology of the dam-
aged area is complex, so it is not easy to quantify the damaged
area accurately through two-dimensional (2D) image analy-
ses. In this study, a new method to quantify the joint damage
ratio and damage volume was proposed [46]. The realization
of this method can be divided into three steps [47]: (1) get the
point cloud data of the joint surface before and after shear,
(2) align the point cloud data of the joint surface before and
after shear by the ICP algorithm, and (3) calculate the height
deviation and damage volume by the Matlab code; the code
can be found in Appendix 3. And the steps are shown in
Figure 11.

Figure 12 shows the height deviation of the joint speci-
men which roughness equal to 9.5. The result of the other
specimens can be found in Appendix 1.

Comparing Figures 12 and 7, it can be seen that the dam-
aged area consists of the area in which the height deviation is
larger. Generally, 5~6 measurements were needed to obtain
the whole morphology. And errors can also occur during
the alignment process. The combined three-dimensional
error is difficult to be quantified. According to the accuracy
of the scanning equipment and the test process, the test accu-
racy is set to 0.1 mm, which is consistent with Indraratna
et al. [48] and Gui et al.’s [49] study. Based on this rule, the
damaged area ratio was calculated.

Figure 13 shows the damaged area ratio of the joint spec-
imen with different asperity order under different normal
stress. It can be seen from Figure 13 that the damaged area
ratio increased with the increase of the normal stress. The
damaged area and the growth rate of the damaged area ratio
of the joint specimen containing unevenness were greater
than those of the joint specimen only containing waviness,
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FIGURE 14: The damage volume of rock joint with different asperity
order under different normal stresses.

under the condition of the same initial morphology. Thus,
it can be concluded that, compared with the waviness, the
unevenness is more prone to damage under low normal
stress, resulting in a higher damaged area.

The damaged area ratio just reflects the proportion of the
damaged area. It is difficult to reflect the damage degree accu-
rately. The damage volume can reflect the damage degree in 3
dimensional, so it can reflect the damage degree more accu-
rately compared with the damaged area. The calculation
method of joint specimen damage volume mainly includes
the following steps: (1) align the point cloud data before
and after cutting by ICP iteration method and (2) triangulate
the point data by the Delaunay triangulation method. In this
paper, the joint surface asperities were discretized into trian-
gles. AABC represents the asperity before shearing, and AA’
B'C' represents the asperity after shearing, as shown in
Figure 11(d). The damage volume of the joint specimen is
the sum of these volumetric elements V. ,/p//. Among
them, V,p- ,rprcr is calculated by Equations (1) and (2).
The damage volume of the joint specimen is calculated by
Equation (3).

Viasca's'c’ = Va's'c'-at Vap'c'-s + Vapcc’ (1)

X xb X xd

vV [A—

1
— %
ABC-A'B C 6

Yo Vo Ve Ja

Zq Rp 2. Zq
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V:ZVABC—A’B’C" (3)

Based on the above method, the damage volume of the
joint specimen can be calculated, and the calculation result
is shown in Figure 14.

It can be seen that the damage volume increased with
the increase of the normal stress; the damage volume of
the specimen containing unevenness is larger than that of
the joint specimen only containing waviness, and this
difference increases with the normal stress increase. As
shown in Figure 3, the average inclination angle of the
specimen containing unevenness was higher than that of
the specimen only containing waviness. Only the asperity’s
apparent dip angle is greater than a certain value; the asper-
ity will be damaged during shearing [50]. Thus, compared
with the waviness, the unevenness is more prone to be
damaged. With the increase of the normal stress, more
and more unevenness undergo shear failure, while the joint
specimen containing waviness only undergoes slip wear
failure, leading to a bigger difference in damage volume.

3.2.3. Asperity Order Effect on the Damage Energy. In fact, the
difference in the shear mechanical properties of these two
types of joint specimens mainly appeared in the prepeak
nonlinear stage and the postpeak stage (the second and third
stages), as shown in Figure 6. Therefore, further research was
carried out on the acoustic emission energy of these two

stages. The cumulative energy of acoustic emission in the sec-
ond and third stages is shown in Figure 15.

It can be seen that under the condition of the same
normal stress, the damage ratio and the cumulative energy
generated in the second and third stages increased with the
increase of the joint roughness coefficient. The rougher the
joint surface, the less probability of shear failure occurring,
the higher the energy accumulated before failure, and the
greater the energy released when the joint surface fails. Under
the same conditions, the cumulative energy produced in the
third stage was higher than that in the second stage. In the
prepeak nonlinear stage, the acoustic emission energy
released by the joint specimen containing unevenness was
higher than that of the joint specimen only containing wavi-
ness. In the postpeak stage, the unevenness on the surface of
the joint specimen was sheared, which results in the energy
released in the third stage being higher than that in the
second stage.

Acoustic emission b value [51] is used as a characteri-
zation of the proportion of large-amplitude acoustic emis-
sion events and small-amplitude acoustic emission events
in the entire section, which can be used to represent the
damage degree of the joint specimen. The expression is
shown in

A
lgN:a—hz—d(f, (4)
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where Ay is the peak amplitude of the AE hits in dB,
Agz=10log A2 =201log A, .., Apyy is the peak amplitude
of the AE events in uv, and N is the number of acoustic
emission events whose amplitude is greater than or equal
to Agg.

The b value is used to analyse the damage that occurs in
the second and third shear stages of the joint specimen, and
the analysis result is shown in Figure 16.

It can be seen from Figure 16, under the condition of
the same morphology, the AE-b value of joint specimen at
the second period was greater than that at the third
period, which means that the damage degree at the second
period was less than that at the third period. For the same
shearing period, as the normal stress increased, the value
of b gradually decreased, which means that the degree of
joint damage increased with the increase of normal stress;
besides, the b value of the joint specimen containing the
unevenness was smaller than that of the specimen only con-
taining the waviness, indicating a greater damage degree.

4. Conclusions

In this research, the experimental investigation on the damage
of the joint specimen with different asperity order was carried
out to better understand the effect of asperity order on the
mechanical properties. The standard roughness profile was
used as the initial surface morphology, and the method com-
bining the EEMD and cut-off level criterion was used to
decompose the standard roughness profile into waviness
and unevenness; two types of joint specimens, respectively,
containing unevenness and only containing waviness were
prepared using 3D engraving technologies and were sub-
jected to shear tests under different normal stresses. The fol-
lowing conclusions can be drawn.

Under low normal stress, unevenness plays a key role in
the failure mode. The joint specimen containing uneven-
ness mainly suffered from shear failure, and the shear
stress-shear displacement curve can be divided into 3 sec-
tions: climbing zone, gnaw zone, and slip zone; while the
joint specimen only containing waviness suffered from slid-
ing wear damage, and the shear stress-shear displacement
curve can be divided into 2 sections: climbing zone and slip
zone. When the normal stress is larger, the failure model of
the joint specimen only containing waviness changes from
sliding wear to shear failure.

Under low normal stress, unevenness plays a key role in
the damaged area and damage volume. The damaged area,
volume, and AE energy of the joint specimen containing
the unevenness are larger than the specimen containing only
the waviness. And the difference between them increases
with the increase of normal stress.

Under low normal stress, the mechanical character differ-
ence between the joint specimen containing unevenness and
only containing waviness mainly existed in the prepeak non-
linear stage and the postpeak stage. The AE energy of the
joint specimen containing the unevenness is larger than that
of the joint specimen only containing waviness.

The AE-b value can be used to characterize the damage
degree. The smaller the b value, the greater the damage
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degree. The AE-b value of the joint specimen containing
the unevenness is smaller than that of the specimen only con-
taining the waviness; the AE-b value of the joint specimen at
the postpeak stage is smaller than that of the joint specimen
at the prepeak nonlinear stage.
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