
Citation: Jiang, Y.; Li, X.; Wang, C.;

Luan, H.; Zhang, S.; Wang, G.; Wang,

P. Influence of Normal Stiffness and

Shear Rate on the Shear Behaviors

and Acoustic Emissions

Characteristics of Artificial Rock

Joints. Appl. Sci. 2023, 13, 1189.

https://doi.org/10.3390/

app13021189

Academic Editor: Arcady Dyskin

Received: 17 November 2022

Revised: 7 January 2023

Accepted: 8 January 2023

Published: 16 January 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

applied  
sciences

Article

Influence of Normal Stiffness and Shear Rate on the Shear
Behaviors and Acoustic Emissions Characteristics of Artificial
Rock Joints
Yujing Jiang 1 , Xinpeng Li 1 , Changsheng Wang 2,* , Hengjie Luan 1, Sunhao Zhang 3, Gang Wang 2

and Pu Wang 4

1 College of Energy and Mining Engineering, Shandong University of Science and Technology,
Qingdao 266590, China

2 Shandong Provincial Key Laboratory of Civil Engineering Disaster Prevention and Mitigation,
Shandong University of Science and Technology, Qingdao 266590, China

3 School of Engineering, Nagasaki University, Nagasaki 852-8521, Japan
4 College of Resources, Shandong University of Science and Technology, Tai’an 271019, China
* Correspondence: cswang0635@163.com

Abstract: Understanding the asperity damage behaviors of joints during shearing is critical for
evaluating the stability of deep underground engineering structures. In this paper, we prepared
plaster joints and used them for direct shear tests under different normal stiffness (0–7 MPa/mm)
and various shear rate (0.5–20 mm/min) conditions. The effects of normal stiffness and shear rate
on mechanical behavior and AE characteristics were studied. With the increase of normal stiffness,
the damaged area of the surface of the joint and the weight of the damaged, rough body basically
show a linear increase. With the increase of the shear rate, the peak shear stress and the final shear
stress of the joint are non-linearly decreased (the decrease rate at the shear rate of 0.5–5 mm/min is
much larger than that at the shear rate of 5–20 mm/min), more local cracks appear on the surface of
the joint, and the dilatancy of the joint slightly decreases. More than 60% of the acoustic emission
signals in the shearing process of the joint are concentrated in the post-peak phase. With the increase
of normal stiffness, the cumulative number of acoustic emission impacts and cumulative energy
both increase. With the increase in shear rate, the accumulated acoustic emission impact number
decreases, and the accumulated AE energy tends to increase when the shear rate is 0.5–5 mm/min
and decreases when the shear rate increases to 5–20 mm/min.

Keywords: joint; normal stiffness; shear rate; shear strength; acoustic emission

1. Introduction

Different discontinuous structural planes exist in rock masses, including joints, beds,
faults, and fissures. In most cases, the existence of discontinuities weakens a rock mass,
which significantly affects its mechanical behavior and influences the safety of geotechnical
structures like underground works and excavations in slopes [1–5]. At present, lots of
previous researchers [6–10] have investigated the shear behavior of joints through experi-
ments and numerical simulations in terms of shear strength, shear failure characteristics,
and changes in fracture permeability. Studies by many scholars [11,12] show that the
degradation of joint surface roughness is one of the main reasons for the change in joint
shear characteristics. Therefore, it is important to accurately describe the degradation of
joint surface roughness during shearing.

Acoustic emission (AE) technology can dynamically and non-destructively moni-
tor micro-failure signals of rock and has been widely used in the study of joint surface
roughness degradation law. For example, Moradian et al. [13] applying the AE technique,
characterized the location of an asperity failure zone and the failure intensity in a joint sur-
face during shearing. Their results reveal that the AE method provides sufficient precision
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to capture the asperity damage process. Meng et al. [14] performed a direct shear to look at
the effect of normal stress on the AE indicators of joints. It indicated that the AE energy rate
of joints was more active under a high normal stress condition. Chai et al. [15] identified
and predicted fatigue crack growth (FCG) of 316LN stainless steel under various tension
proportions by drawing out several AE specifications from AE waves and associating AE
indicates with FCG under various tons proportions. The study of Muir et al. [16] found that
there were encoded features in the frequency domain of waveform which linked acoustic
emission with damage mode. Wang et al. [17], by embracing the electronic picture corre-
lation, showed a collection of heterogeneous CJB designs were developed. The constant
fracture procedure and acoustic emissions are caught numerically under differing side
pressures. The load contours under different joint range proportions and design limits are
evaluated. Gong et al. [18] have studied the influence of rock heterogeneity and cylindrical
irregularity on the AE energy evolution of CJB faults under lateral pressure. Wang et al. [19]
studied the non-linear mechanical response and failure mechanism of articulated cylindri-
cal basalt with transversal joints using a meso-mechanical model, statistical damage theory,
and continuous mechanics. Jiang et al. [20] used AE to analyze the damages development
system of joints under various roughness as well as normal stress. Liu et al. [21] used
acoustic emission signal data to put forward shear failure and tensile failure judgment
criteria and systematically analyzed the time and type of joint failure in the shear process.
However, this aforementioned research has targeted the joints sheared beneath constant
normal loading (CNL) boundary conditions. This boundary condition is only applicable to
surface or shallowly buried works for deep underground engineering conditions. However,
the normal stress of the joints may be changed due to the stiffness of the surrounding rock.
Under this scenario, the constant normal stiffness (CNS) status is more suitable than the
CNL condition [22–24]. To date, few studies have studied the AE qualities of the sheared
joints beneath CNS circumstances. Rim et al. [25] investigated the AE characteristics of
artificial joints during shear under CNS conditions. However, the AE characteristics of
joints under variations of normal stiffness were not presented. Liu et al. [8] analyzed AE
signals during joint cyclic shear, and the results showed that the accumulated AE energy
gradually decreased with the increase in the number of cycles. It indicated that a high
normal stiffness could significantly increase the number of AE signals. However, the
relationship between failure modes of joint surfaces and AE characteristics has not been
further discussed.

Additionally, under the action of vibrant tons such as quake, blasting, and mechanical
resonance, the architectural plane will create shear motion at various rates [26–28]. Accord-
ing to Ahola et al. [29], for high-level nuclear waste repositories and dam construction,
more stringent design criteria should be required, and the rate-dependent mechanical
behaviors of rock joints need to be taken into account. Some previous researchers have
examined the factors which impact the rate-dependent shear habits of joints, including
shear rate range [30], rock type [31], and normal loading rate [32]. The shear rate affects not
only the shear strength of the rock joint but also the failure modes of the joint during shear.
Wang et al. [33,34] investigated the rate-dependent shear actions of rough joints during
shear. The outcomes suggested that the damaged areas of joints decrease with increasing
shear rate, and the corresponding cumulative AE signals are inversely proportional to the
shear rate. However, the above studies were only carried out under CNL boundary status.

As aforementioned, the evolution of AE characteristics for the sheared joint under CNL
condition has been widely studied. However, experimental tests that consider the effect
of normal stiffness and shear rate on AE characteristics of joints have yet to be conducted.
In the present study, a series of CNS direct shear tests were performed on artificial plaster
joints. The effects of normal stiffness and shear rate on the mechanical behavior and AE
characteristics of joints are discussed.
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2. Methodology
2.1. Specimen Preparation

A specimen with a size of 20 × 10 × 10 cm was cut from an intact grain granite. Then,
the artificial splitting method was used to generate a fresh tensile joint. Considering the
anisotropy of real rock joints, plaster joints with the same roughness are chosen to describe
rock joints’ shear behaviors. The plaster reproductions were made by a mix of plaster,
water, and retardant in the weight proportion of 1:0.2:0.05, which has a similar mechanical
property to those of sandstone. The mechanical properties of the plaster specimen are
shown in Table 1 [35], and the specimen is shown in Figure 1a,b.

Table 1. Physico-mechanical properties of rock-like replicas.

Physico-Mechanical Properties Index Unit Value

Density ρ g/cm3 2.066
Compressive strength σc MPa 47.4
Modulus of elasticity Es MPa 28.7

Poisson’s ratio v – 0.23
Tensile strength σt MPa 2.5

Cohesion c MPa 5.3
Internal friction angle ϕ ◦ 63.3

Figure 1. The production process of gypsum joint specimen and rough surface morphology of
joint. (a) Granite joint obtained from artificial splitting. (b) Cast plaster structure interview piece.
(c) scanning graphs of the fracture surface.

The joint surface was obtained using a 3D scanning laser profile meter. Figure 1c
shows the digitized joint surface. Based on scanning data, the joint roughness coefficient
(JRC) was calculated using the method proposed by Tse and Cruden [36]. The calculation
formula is as follows:

Z2 =

√√√√ 1

(n − 1)(∆x)2

n−1

∑
i=1

(Zi+1 − Zi)
2 JCR = 32 + 32.47 log Z2 (1)

In Equation (1), Z2 is the root mean square of slope; ∆x is interval between data points,
mm; n is the number of data points on each line; Zi is the coordinate of each curve, mm.

Finally, the calculated JRC of the structural plane is 7.36.

2.2. Experimental System and Procedure

We used the servo-controlled direct shearing device for tests in the present research, as
shown in Figure 2. This apparatus is composed of a mechanical loading system, a control
system, and a data processing system. This apparatus can be servo-controlled to achieve
various normal stiffness conditions with good precision. More detail of the configuration
of the apparatus was reported by Jiang et al. [23].
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Figure 2. Experimental setup.

Before the shear test, a normal stress of 2 MPa was applied to the shear case at one
rate of 0.5 MPa/min. After the predetermined normal stress was reached, the required
normal stiffness value was set with the LabVIEW interface on a personal computer. Then,
the shear load was applied after the normal stress remained constant. The terminated shear
displacement was 10 mm. During shearing, the acoustic emissions were detected with an
8-channel PAC-AE system. Four PICO sensors were employed to discern the AE single, as
displayed in Figure 3. The AE sensors have an operating frequency from 200 to 750 kHz,
and the full-waveform data were measured at a rate of 1 MHz. Forty dB was selected
as the trigger threshold of the preamplifier. The test cases and their respective threshold
conditions are shown in Table 2. For each test case, at least 2 pairs of replicas were prepared
for replicate testing until fairly close results were obtained.

Figure 3. Plan view of the sensor arrangement in the lower shear box; the numbers are sensor
ID numbers.

Table 2. Loading scheme adopted in the test.

Number Initial Normal Stress
(MPa)

Normal Stiffness
(MPa/mm)

Shear Rate
(mm/min)

1

2

0

0.5
2 1
3 3
4 5
5 7
6 3 2.5
7 3 5
8 3 10
9 3 20

2.3. Experimental Design

The loading scheme adopted in the test is shown in Table 2, which is as follows: the
initial normal stress (σn) is 2 MPa to simulate stress conditions of common underground



Appl. Sci. 2023, 13, 1189 5 of 18

tunnels, chambers, and other surrounding rocks [37]. The normal stiffness (kn) is 0,1,3,5
and 7 MPa/mm, respectively, and the shear rate (v) is 0.5 mm/min. The shear rates are 0.5,
2.5, 5,10, and 20 mm/min, respectively, and the vertical stiffness is 3 MPa/mm.

3. Shear Behaviors
3.1. Effect of Normal Stiffness

Figure 4 demonstrates the shear actions of the joint at diverse normal stiffness. As
displayed in Figure 4a, for the CNL condition (kn = 0), the curves of shear stress versus
displacement can be split into three stages. In stage I, the shear stress rapidly increases
with a linear concern with the shear displacement up till it achieves the peak. In stage
II, the curve displays stress-softening conduct, characterized by a rapid decrease in shear
stress. Finally, the variation of shear stress tends to be stable at approximately 5 mm of
shear displacement, indicating the residual stage has reached. Under a low level of normal
stiffness (kn < 3 MPa/mm), the shear behavior shows stress-softening behavior. When
the normal stiffness progresses (kn > 3 MPa/mm), the shear stress shows stress-hardening
behavior, during which the shear stress increases with an increase in shear displacement.

Figure 4. Shear actions of joints under various normal stiffness statuses. (a) Shear stress versus shear
displacement of joints. (b) Normal displacement versus shear displacement of joints. (c) Normal
stress versus shear displacement of joints.

Figure 4b shows the normal displacement versus shear displacement curves. The
normal displacement decreases to negative values at initial shearing; after the minimum
normal displacement is reached, shear dilation occurs until the shear displacement reaches
10 mm. The dilation was decreased by increasing normal stiffness. This is because the
increase of normal stress induced by normal stiffness restrains the increment of dilation.
The bows of normal stress against shear displacement are shown in Figure 4c. For CNL
conditions, the normal stress remains unchanged during shear, while the variations in
normal stress are proportional to the case of normal shift at the CNS status.

According to the throwing distance and throwing height, the initial velocities of the
broken blocks in different throwing distances were calculated by combining the equations
of the flat throwing motion, see Table 3.
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Table 3. Statistics of AE parameters for joints sheared under different test conditions.

σn (MPa) kn
(MPa/mm) v (mm/min) Nph Nth Nh1/Nth Nh2/Nth Nh3/Nth Npe Nte Ne1/Nte Ne2/Nte Ne3/Nte

1

2

0

0.5

87 3509 9.9% 63.1% 27% 10,332 143,609 12.8% 68.9% 18.3%
2 1 78 3893 10.5% 63.3% 26.2% 9079 178,553 9.2% 71.9% 18.9%
3 3 88 4290 12.2% 61.5% 26.3% 12242 239,235 9.7% 69.5% 20.8%
4 5 76 4842 4.9% 67.3% 27.8% 10380 317,610 5.3% 77.1% 17.6%
5 7 81 5417 6.1% 68% 25.9% 10865 371,112 6.3% 75.4% 18.3%
6 3 2.5 133 3749 8.4% 63.1% 28.5% 14653 264,765 4.2% 74.4% 21.4%
7 3 5 224 3264 6.9% 69.8% 23.3% 17506 362,421 3.5% 76.1% 20.4%
8 3 10 285 2731 6.4% 73% 20.6% 26295 310,441 2.4% 74.4% 23.2%
9 3 20 311 2003 7.9% 68.1% 24% 31670 241,423 5.2% 70.4% 24.4%

Note: Nph, Nth, Nh1, Nh2, Nh3 are acoustic emission impact count at the peak of shear stress, cumulative acoustic emission impact count during the whole shear process, acoustic
emission impact count in stage I, acoustic emission impact count in stage II, and acoustic emission impact count in stage III. Npe, Nte, Ne1, Ne2, Ne3 are the AE energy at the peak of shear
stress, the accumulated AE energy during the whole shear process, the AE energy in the first stage, the AE energy in stage II, and the AE energy in the III stage, respectively.
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Although the shear stress shows a clear peak value for joints under a low normal
stiffness, there are no distinct peak values for joints under a high normal stiffness. To better
understand the shear strength of plaster joints under higher normal stiffness, the curves of
the surface resistance index (SRI) are used to analyze the relative shearing resistance [38].
The SRI is defined as the ratio of shear stress to normal stress. The variations in SRI against
shear displacement are plotted in Figure 5a. The normal stiffness has little influence on
joint SRI. The five SRI curves have little difference and almost coincide in the III stage,
while there is a separation between the shear stress peak and the II stage, but the maximum
difference is only 0.2. This is due to the reality that the shear stress addition of the joint
is comparable to the normal stress increment in the shear process under CNS border
conditions [38]. Figure 5b displays the peak shear stress and final shear stress of joints
under various normal stiffness statuses. With the rise of normal stiffness, the peak shear
stress of the joint declines slightly. This is because the normal displacement of the joint is
negative in the initial shear stage, which leads to a decrease in the normal stress on the
joint. The final shear stress rises linearly with the rise of normal stiffness.
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Figure 5. The relationship between normal stiffness and SRI and shear strength of joints. (a) Relation
between SRI and shear displacement of the structural plane. (b) Variation of peak and ultimate shear
stress for joints under different normal stiffness conditions.

After shearing, the failure modes of joints under various normal stiffness are shown
in Figure 6. The white part in the figure is the rough body that was nibbled or destroyed
by friction in the shearing process. In this paper, image recognition technology is used to
extract the damaged part and mark it with a red line. It can also be found that in addition
to the rough body failure, many local cracks will occur on the joint surface, which are
marked by blue lines in the figure. The failure locations on the joint surface are generally
the same, and they are all in the position with a large convex degree. However, with the rise
of normal stiffness, the failure area and the number of cracks of the rough body on the joint
surface increase. In order to quantitatively analyze the influence of stiffness on the joint
surface failure area, the red line in the figure was imported into CAD to calculate the joint
surface failure area. When the normal stiffness is 0,1,3,5 and 7 MPa/mm, the failure areas
of the joint surface are 58.4, 62.35, 69.22, 72.18, and 78.26 cm2, respectively, as displayed in
Figure 7. With the increase of normal stiffness, the failure area of the joint surface increases
linearly. This is mainly because the greater the normal stiffness, the greater the normal
stress on the joint, the greater the friction force on the joint surface, and the more easily the
rough body on the joint surface is destroyed.
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Figure 6. Failure modes of joints under diverse normal stiffness status. (a) For kn = 0; (b) For
kn = 1 MPa/mm; (c) For kn = 3 MPa/mm; (d) For kn = 5 MPa/mm; (e) For kn = 7 MPa/mm.

Figure 7. Damaged surface area and weight of damaged asperity of the joint surface under different
normal stiffness conditions.

After the test, the gnawed rough body and friction-based fine powder on the joint
surface were collected and weighed to obtain the joint failure rough weight under diverse
normal stiffness statuses, as displayed in Figure 7. When the normal stiffness is 0,1,3,5 and
7 MPa/mm, the weight of the joint failure rough body is 9.88, 11.24, 17.74, 20.02, and 24.35
g, respectively. With the increase of normal stiffness, the weight of joint failure roughness
increases linearly.

3.2. Effect of Shear Rate

The stress and displacement curves of joint shear under diverse shear rates are dis-
played in Figure 8. With the rise of the shear rate, the shear stress bend of joints gradually
moves downward, indicating that the larger the shear rate is, the shear strength of joints
gradually decreases. This is mainly due to the joint surface roughness deformation failure
and the different contact forces caused by it. When the shear rate is small, there are more
time transfer forces in the shear process of the joint, which can fully mobilize the shear
performance of the joint. However, when the shear rate is large, the shear process time
is short, and the force is mainly concentrated on the part of the rough body that fails
to transfer in time. The shear stress curve under different rates has the same trend of
change, which is also divided into three stages, that is, within a small shear displacement
(0.372–0.74 mm), the shear stress rapidly rises to the peak, after the peak, the shear stress
decreases slightly, and then rises steadily. However, the corresponding shear displacement
range of each stage of the shear stress curve is different with different shear rates. With the
rise of the shear rate, the range of stage I is smaller; that is, the corresponding peak shear
displacement is smaller. This is mainly caused by the decrease of joint peak strength and
shear stiffness with the rise of shear rate [39]. In the II stage, the smaller the shear rate is the
slower the shear stress curve of the joint drops, which indicates that the smaller the shear
rate is in this stage, the less the surface roughness failure of the same shear displacement.
Then, under the action of constant normal stiffness, the shear stress gradually rises, and
when the shear displacement is greater than 7 mm, the slope of the five shear stress curves
under different shear rates is similar, but when the shear displacement is greater than 7 mm,
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the shear stress curves with shear rates of 5.0, 10.0 and 20.0 mm/min gradually flatten out.
The shear stress of joints basically no longer rises, while the shear stress curves continue to
rise when the shear rate is 0.5 and 2.5 mm/min, which again confirms the view that the
greater the shear rate, the more serious the roughness failure of the surface.

Figure 8. Shear behaviors of joints with different shear rates under CNS conditions. (a) Shear stress
versus shear displacement of joints. (b) Normal displacement versus shear displacement of joints.
(c) Normal stress versus shear displacement of joints.

Figure 8b shows the curves of normal joint displacements and shear displacements
under different shear rates. The shear rate is roughly inversely proportional to the joint
dilatancy value; that is, the joint dilatancy gradually decreases with the increase of shear
rate, but the influence is limited, and the maximum difference is less than 0.1 mm. Figure 8c
displays the normal stress-shear displacement curves of joints at different shear rates. It can
be seen from the figure that the influence law of shear rate on the normal stress of joints is
consistent with that of joint dilatancy. This is because, under the status of CNS, the normal
stress of the joint is mainly caused by the joint dilatancy control, as shown in reference [22].

The peak shear stress and final shear stress of joints under different shear rates were
counted in Figure 9. The peak shear stress, final shear stress, and shear rate of the joint
are obviously power functions (the exponent is negative). When the shear rate is between
0.5 mm/min and 5 mm/min, the peak shear stress and final shear stress falling rate of the
joint are much higher than those when the shear rate is between 5 mm/min. This result
is consistent with that of Atapour et al. [31], Tang et al. [32], and Wang et al. [33]. This
indicates that when the shear rate reaches a certain value, its effect on the shear strength of
the joint is no longer significant.

Figure 9. The relationship between the joint peak value and final shear stress and shear rate.

Figure 10 shows the surface failure diagram after joint shear at diverse shear rates.
When the shear rate is 0.5–5 mm/min, the joint failure area has little difference, but when
the shear rate is 5–20 mm/min, the joint failure area increases obviously. This is caused by
the different shear rates and the different contact times of the rough body of the above and



Appl. Sci. 2023, 13, 1189 10 of 18

below joints, which leads to the different deformation degrees of the rough body. When
the shear rate of the joint is low, the rough body on the steep joint surface has enough
time to deform during the shear process, and the joint can climb and slide along these
rough bodies, and the failure mostly occurs at the convex tip. However, when the shear
rate is high, the deformation time of the joint rough body is short, and the force cannot be
transferred, which is easy to cause the shear force to concentrate only on the part of the
rough body, resulting in the gnawing of these rough bodies from the root. Moreover, since
the rock-like specimens made of gypsum are brittle [40] when the rough body is gnawed, it
even drives the nearby rough bodies to fall off together. As a result, when the shear rate is
high, the rough body is broken on a large scale.

Figure 10. Failure modes of joints with different shear rates under CNS conditions. (a) Shear
rate = 0.5 mm/min; (b) Shear rate = 2.5 mm/min; (c) Shear rate = 5 mm/min; (d) Shear
rate = 10 mm/min; (e) Shear rate = 20 mm/min.

Figure 11 shows the joint failure area and the weight of the damaged, rough quilt
under different shear rates. When the shear rate is 0.5–5 mm/min, the joint failure area has
little difference, which are 69.22, 71.06, and 69.35 cm2, respectively. Similarly, there was
no significant difference in the roughness weight of joint failure, which was 17.74, 18.11,
and 18.39 g, respectively. When the shear rate increases to 5–20 mm/min, the joint failure
area and the joint failure rough weight increase significantly, and the joint failure area is
75.89 and 82.11 cm2, respectively. The joint failure rough weights were 20.06 and 25.24 g,
respectively. This also indicates that the joint roughness has less failure when the shear rate
is small (0.5–5 mm/min) but larger failure when the shear rate is enormous (5–20 mm/min).
With the rise of the shear rate, the failure area of the joint surface and the weight of the
failure roughness increase nonlinearly.

Figure 11. Damaged surface area and weight of the damaged asperity of the joint surface under
diverse shear rates.

4. AE Characteristics
4.1. Effect of Normal Stiffness on AE Characteristics of the Sheared Joints

During joint shearing, the source of AE signals mainly comes from asperity degra-
dation, including the breaking, rolling, squashing, and moving of asperities on the joint
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surface. Figures 12 and 13 show the evolution of AE signals and the accumulative AE
signals for joints undergoing shear under various normal stiffness, respectively. The AE
energy is defined as the area enclosed by the signal envelope (unit of voltage is mv) and
axial of abscissas (unit of time is us), which represents the relative intensity of AE signals.
In the pre-peak stage (Stage I), the AE signals are relatively quiet at the initial shear stage
(approximately 0.7 times the peak shear displacement) due to the elastic deformation of
asperities. In this phase, the accumulative AE energy is almost negligible. With the further
increase of shear displacement, the AE impact signal increases rapidly and peak at the
maximum shear stress. This is because when the shear stress reaches the peak, the surface
roughness of the structural plane is chewed off in a large number of moments. Then, as
the shear continued, the acoustic emission impact signal began to decline in the II stage.
However, the acoustic emission impact signal remained at a high level because there were
still rough bodies on the surface of the structural plane at this stage. Finally, in the III
stage, there is almost no nibbling failure on the surface of the structural plane, and the
AE impact signal is generated by the friction of the structural surface, so the AE impact
signal is maintained at a low level. It must be noted that in the post-peak stage, there are
still relatively high values of AE impact signals, which may be caused by the secondary
crushing of some nibbled bulges. These results are consistent with those of Meng [12] and
Wang et al. [33].

Figure 12. Cont.
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Figure 12. Difference of AE hit rate and cumulative AE hit of joints under diverse normal stiffness
status. (a) For kn = 0; (b) For kn = 1 MPa/mm; (c) For kn = 3 MPa/mm; (d) For kn = 5 MPa/mm;
(e) For kn = 7 MPa/mm.

The joint acoustic emission energy signal and acoustic emission impact signal have the
same development trend, which will not be repeated here. By comparing the AE energy
signals at the post-peak stage under different normal stiffness conditions, it can be found
that when the normal stiffness is higher, the more AE energy signals the joint is, the denser
it will be. This also confirms the phenomenon that the larger the normal stiffness is, the
larger the failure range of the joint surface and the greater the weight of the damaged,
rough body.

In order to further analyze the AE response characteristics in the process of structural
plane shear, the AE impact number, and energy at the peak of shear stress, as well as the
AE impact number and energy in each stage of the process of structural plane shear, were
counted. Meanwhile, the cumulative AE impact number and energy in the whole process
of shear were also counted. The percentage of AE signals generated in each stage of the
shearing process was obtained, as shown in Table 3. The acoustic impact signal generated
in the I stage is less than 12.8% of the total signal, which further indicates that most of the
rough structure of the structural plane has elastic deformation, and only a few damages
occur in this stage. The AE impact signals at the peak of shear stress are not different,
and there is no obvious rule. In the II stage, more than 61.5% of AE signals were detected,
indicating that a large number of structural plane failures occurred in this stage. With the
rise of normal stiffness, the AE signal ratio of the II stage increases. It is confirmed that
more structural plane failure occurs under high normal stiffness conditions. In the III stage,
the AE signal is lower than 27.8%, which is significantly lower than that in the II stage,
because the main source of the AE signal is the friction of the structural plane, and there is
no large number of gnawing failure of the rough body. Similarly, as the normal stiffness
increases, the AE signal ratio also increases.
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Figure 13. Difference of AE energy rate and amassed AE energy of joints under diverse normal stiff-
ness status. (a) For kn = 0; (b) For kn = 1 MPa/mm; (c) For kn = 3 MPa/mm; (d) For kn = 5 MPa/mm;
(e) For kn = 7 MPa/mm.

4.2. Effect of Shear Rate on AE Characteristics of Joints

Figures 14 and 15 show the acoustic emission signals during the shear process of the
structural plane under the condition of normal stiffness of 3 MPa/mm and a shear rate of
0.5–20 mm/min. Under different shear rate conditions, AE signals have the same variation
trend, but the data volume of AE signals is different; that is, the AE signal histogram with
a small shear rate is finer and denser, while the AE signal histogram with a large shear
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rate is thicker and thinner. This is because the shear rate is different and the shear time
is different, resulting in different amounts of AE data monitored. When the shear rate is
high (10–20 mm/min), the loudest emission energy appears after the shear stress peak, and
the AE energy exceeds 103 more times, which is mainly because the rough structure of the
structural plane is broken in large pieces and more local cracks occur at the high shear rate.
The AE hit rate and energy rate trends rise with a rise in shear rate, which indicates a larger
energy release of the joint when the shear rate is large. This conclusion shows agreement
with the observation of Meng et al. [12].

Figure 14. Difference between AE hit rate and cumulative AE hit of joints with diverse shear rates
under different CNS conditions. (a) Shear rate = 0.5 mm/min; (b) Shear rate = 2.5 mm/min; (c) Shear
rate = 5 mm/min; (d) Shear rate = 10 mm/min; (e) Shear rate = 20 mm/min.
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Figure 15. Difference between AE energy rate and cumulative AE energy of joints with diverse shear
rates under diverse CNS conditions. (a) Shear rate = 0.5 mm/min; (b) Shear rate = 2.5 mm/min;
(c) Shear rate = 5 mm/min; (d) Shear rate = 10 mm/min; (e) Shear rate = 20 mm/min.

The values of the peak AE hit/energy rate, the total number of AE hits/energy, and
the number of hits/energy at three stages of joints under different shear rates are shown in
Table 3. It is worth noting that less than 12.2% of the total AE signals are detected in stage I.
The peak AE hit rate and energy rate tend to rise with a rise in shear rate, which indicates
that more damage occurs for joint sheared under a higher shear rate at the moments of
peak shear stress. Similar to the results of joints sheared under different normal stiffness
conditions, more than 60% of the total number of AE signals was measured at stage II, and
less than 30% of the total number of AE signals was generated at stage III. Overall, with the
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enhancement of the shear rate, the additive AE impact number declines. The additive AE
energy rises with the rise of the shear rate at 0.5–5 mm/min but decreases with the rise of
the shear rate at 10–20 mm/min. This is primarily since when the shear rate is higher than
a specific worth, the surface roughness of the structure is nibbled instantaneously, and the
shear duration is short.

5. Conclusions

In this paper, we conducted a series of direct shear tests on artificial plaster joints, and
the influences of normal stiffness and shear rate on peak and residual shear stress and AE
characteristics were analyzed and discussed. From the test results, the main conclusions
can be drawn.

(1) With the increase of normal stiffness, the peak shear stress of the joint decreases
slightly, but the final shear stress increases linearly. With the increase of normal
stiffness, the joint dilatancy decreases significantly, and normal stress increases signifi-
cantly. The normal stiffness has little influence on the joint surface resistance index.

(2) With the increase of normal stiffness, both the failure area and the failure roughness
weight of the joint surface show a linear increase trend, which indicates that under
the condition of high normal stress, more failure occurs to the roughness of the joint
surface, which is the main reason for the significant increase of final shear stress.

(3) With the increase in shear rate, both the peak shear stress and the final shear stress
decrease, and both have a nonlinear relationship with shear rate. When the shear rate
is 0.5–5 mm/min, the decline rate of the curve is much higher than that of the curve
when the shear rate is 5–20 mm/min. The shear rate has little effect on joint dilatancy,
and with the increase of shear rate, the joint dilatancy decreases slightly.

(4) When the shear rate is between 0.5 mm/min and 5 mm/min, the joint failure area
and the weight of the damaged, rough body have little difference, but when the shear
rate is between 5 mm/min and 20 mm/min, the joint failure area and the weight of
the damaged, rough body increase obviously.

(5) In the shearing process, AE signals are mainly generated in the post-peak stage.
Generally speaking, the cumulative number of AE impacts and cumulative energy
rise with the increase of normal stiffness, which demonstrates that the greater the
normal stiffness is, the more serious the failure of the rough surface of the joint.

(6) When the shear rate is low (0.5~5 mm/min), the accumulated AE energy increases
from 239,235 to 362,421 with the increase of shear rate; when the shear rate is high
(5~20 mm/min), the accumulated AE energy decreases from 362,421 to 241,423 with
the increase of shear rate.
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