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Abstract
Understanding the shear characteristics and acoustic emission features of bolted joints is crucial for the optimization of 
support systems and disaster early warning. In this paper, a series of shear tests on rock joints using both full-length anchorage 
and partial anchorage methods were conducted. The evolving patterns of shear mechanical characteristics and acoustic 
emission features of bolted rock joints were obtained, elucidating the influence of anchorage methods and revealing the shear 
failure mechanisms of joints under different anchorage lengths. The results indicate that the “pin effect” of the bolt can be 
rapidly mobilized in the full-length anchorage compared to the partial anchorage method. The full-length anchorage exhibits 
higher peak shear stress and fracture shear stress, with maximum differences of 0.38 MPa and 0.08 MPa, respectively, when 
contrasted with the partial anchorage method. The deformation range of bolts in the partial anchorage method approximately 
doubles that observed in the full-length anchorage. Acoustic emission feature parameters exhibit a good correspondence with 
shear stress curves, and their evolution suggests that the most significant damage to bolted joints occurs at the shear stress 
peak, with the highest energy release observed when bolts fail. Under both partial anchorage and full-length anchorage, with 
an increase in normal stress or JRC, the b of bolted joint acoustic emissions gradually decreases. Compared to the partial 
anchorage method, the full-length anchorage demonstrates a higher maximum Hit rate, along with lower maximum energy 
release, implying more intense interaction between bolts and surrounding rock in the full-length anchorage, resulting in 
greater damage under the same conditions, whereas the deformation range of bolts is smaller, and the energy released upon 
failure is lower in the full-length anchorage.

Highlights

• A series of shear tests on rock joints using full-length and partial anchorage methods.
• Investigated the effects of anchorage lengths, normal stress, and joint surface roughness on shear behavior and acoustic 

emissions.
• The effects of the anchorage lengths on the fracture behavior of bolted joints was revealed.
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1 Introduction

The widespread occurrence of rock joints can significantly 
reduce the strength and stability of rock masses, leading to 
instability in rock engineering projects (Jiang et al. 2004; 
Wang et al. 2024). Anchoring support can limit interlayer 
displacement or sliding of joint blocks to enhance rock 
mass stability. It has been widely applied in various rock 
engineering reinforcement fields such as mining, tunnels, 
water conservancy, and slopes (Liu et al. 2017). However, 
when rock joints experience shear displacement, bolts are 
prone to failure near the joint due to the combined action 
of axial and shear forces (Liu et al. 2018a). In recent years, 
with the continuous expansion of the engineering scale and 
the increasing complexity of the existing environment, the 
issue of engineering rock mass instability caused by bolt 
failure has become more prominent (Li et al. 2022a; Xie 
et al. 2019). Therefore, understanding the shear characteris-
tics of bolted joints is crucial for controlling the stability of 
rock engineering projects.

Currently, scholars have conducted extensive research 
on the shear characteristics of bolted joints using methods, 
such as laboratory testing, theoretical analysis, and numeri-
cal simulation. Laboratory testing is the most commonly 
used method for studying the shear characteristics of bolted 
joints, and factors currently considered mainly include 
boundary condition (Chen et al. 2018a), rock strength (Jiang 
et al. 2023a), joint surface roughness ( Wu et al. 2018a), 
bolt type (Chen et al. 2015; Grasselli 2005), bolt surface 
morphology (Wang et al. 2022; Zhang et al. 2020a, b), num-
ber of bolts (Srivastava et al. 2015; Chen et al. 2020), bolt 
inclination angle (Cui et al. 2020), and bolt pre-tensioning 
(Liu et al. 2012). Through the aforementioned research, 
researchers have gained preliminary insights into the shear 
mechanical characteristics and failure behavior of bolted 
joints. They have revealed the influence patterns of indi-
vidual factors on the shear characteristics of bolted joints. 
Numerical simulations can expand and enhance the results 
of laboratory testing by providing information about inter-
nal stress, strain, and damage evolution within rocks and 
bolts that are difficult to measure in the laboratory. Li et al. 
(2019), Bahrani et al. (2017), Lin et al. (2014), Fan et al. 
(2023), and He et al. (2019) have conducted numerical simu-
lations of shear behavior on bolted joints using finite element 
analysis and discrete element methods. These studies have 
further clarified the shear characteristics of bolted joints 
and deepened the understanding of the mechanisms under-
lying their shear resistance. Theoretical analysis is another 
effective method for studying the shear resistance of bolted 
joint, which focuses on shear strength calculation. Ge et al. 
(1988) proposed that “the shear strength of a bolted joints 
is composed of the joint surface’s inherent shear strength 

and the shear strength respectively contributed by equiva-
lent forces provided by bolts acting along the normal and 
shear directions of the joint surface”. This perspective has 
been widely accepted, based on which Liu et al. (2018a, b), 
Chen et al. (2018b), and Ma et al. (2019) have conducted 
research on key issues such as the geometric model of bolts, 
the distribution characteristics of constrained forces on bolts, 
yielding patterns and criteria of bolt; then, they subsequently 
developed theoretical models for the shear strength of bolted 
joints, which were validated through laboratory testing. 
While these studies are significant in revealing the shear 
mechanical characteristics of bolted joints, they lack an in-
depth understanding of the internal deformation, failure, and 
damage evolution of rocks and bolts.

Acoustic emission (AE) technology enables dynamic 
and non-destructive monitoring of micro-damage signals 
within rocks (Chen et al. 2023). Analyzing the evolution 
of AE parameters (hit and energy) is beneficial for bet-
ter understanding the micro-damage evolution of rocks 
during shear processes. As a result, AE technology has 
found widespread application in both laboratory experi-
ments and field microseismic monitoring (Meng et al. 
2016, 2019; Hu et al. 2023). While AE technology has 
been extensively used in uniaxial (Wang et al. 2021, 2023), 
triaxial (Yu et al. 2022; Jia et al. 2020), and rock joint 
shear tests (Zhang et al. 2020a, b; Liu et al. 2022), its 
application in monitoring the shear behavior of bolted 
joints is relatively limited. Hu et al. (2023) carried out 
rock bridge shear tests and large-scale physical tests to 
investigate the signals released during rock bridge failure, 
providing a theoretical basis for early warning of tunnel 
disasters. Wang et al. (2018) have used AE technology to 
analyze the impact of factors including normal stress, joint 
surface roughness, and bolt type on AE characteristics of 
bolted joints. Similarly, Li et al. (2022b) employed AE 
technology to monitor shear behavior in bolted joint shear 
tests, investigating the influence of factors such as normal 
stress, bolt inclination angle, and joint surface roughness 
on the evolution of microcracks during shear. To reveal the 
shear failure characteristics of deeply bolted rock masses, 
Li et al. (2023) conducted high-stress bolted joint shear 
tests, combined with AE technology to explore stress drop 
events and the evolution of dynamic failure strength during 
shear processes. The mentioned studies demonstrate that 
acoustic emission technology can effectively monitor the 
evolution of microcrack count and energy in bolted joints 
during shear processes. However, most of these studies 
have been conducted with full-length anchorage. Partial 
anchorage are also widely used in engineering projects 
such as coal mine roadway (Yan et al. 2019; Li et al. 2016; 
Yang et al. 2017a, b). In China, 13,000 km of roadway are 
excavated each year, equivalent to the diameter of the earth 
(He. 2017; He et al. 2021). Most of this is done using the 
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partial anchorage. In partial anchorage, its free segment 
(unanchored part) is in the fracture zone of the surround-
ing rock, which is often affected by the shear slip of the 
fractures in the surrounding rock, causing shear failure 
(Wu et al. 2019; Li et al. 2017). When grout is not present 
at joint locations, the stress and deformation characteris-
tics of bolts can be significantly different, suggesting that 
revealing the impact of different anchorage lengths on the 
shear characteristics and damage evolution of bolted joints 
holds significant importance. Chen et al. (2020) carried 
out a laboratory and theoretical analysis of the anchoring 
effectiveness of partial anchorage and full-length anchor-
age in layered jointed rock. Teng et al. (2017) carried out 
double shear tests under different anchorage lengths and 
analyzed the shear behavior of rock joints and the force 
deformation behavior of bolts in three cases, namely no 
bolt, end bolt and full bolt. Feng et al. (2024) carried out 
double shear tests under partial anchorage and the evo-
lution law of internal forces and failure mechanism of 
the free section of the partial anchorage cable under ten-
sion–shear action were revealed by theoretical analysis. 
The above studies have carried out a preliminary inves-
tigation of the shear behavior of bolted joints under dif-
ferent conditions of anchorage lengths and have produced 
some useful results. These studies were carried out under 
uniaxial or double shear conditions and it is difficult to 
quantitatively control the normal stress on the joint. Bolted 
joint direct shear test research under different anchorage 
lengths  is still unreported.

Given the understanding outlined above, it is essential 
to carry out shear tests on bolted joints with different 
anchorage lengths. However, it is difficult to carry out 
in situ tests. Therefore, a constant similarity ratio was 
applied to downscale the test parameters, and a series of 
shear tests on rock joints under both full-length and partial 
anchorage were conducted in the laboratory, revealing 
the evolution patterns of bolted joint shear strength, 
joint surface damage, bolt deformation and failure, and 
acoustic emission characteristics. Moreover, the influence 
of anchorage lengths, normal stress, and joint surface 
roughness on these aspects was elucidated, and the shear 
damage and failure mechanisms of rock joints under 
different anchorage lengths were analyzed. The research 
results enrich the understanding of shear characteristics 
and bolt reinforcement mechanisms of bolted joints. At the 
same time, it provides important data for determining the 
precursor information of bolted joint breakage. This holds 
practical significance in enhancing rock engineering safety 
and protection, as well as optimizing support systems and 
disaster early warning.

2  Test Method

2.1  Sample Preparation

High-strength gypsum material with a 1:0.2:0.005 mass 
ratio of gypsum, water, and retarder was selected to prepare 
rock-like joint specimens in this study. The material has a 
uniaxial compressive strength of 47.4 MPa and an elastic 
modulus of 28.7 GPa, and has achieved good application 
results in previous rock mechanics tests (Jiang et al. 2004). 
Using rock-like materials aims to make a large number of 
joint specimens with the same surface morphology, thereby 
overcoming the variation in shear strength caused by 
differences in joint surface characteristics.

As is well known, the accuracy of test results depends on 
the similarity of the supporting materials used in tests. The 
diameter, length, fracture force, and modulus of elasticity 
of the model bolts should meet the similarity criterion. 
However, when choosing the model bolt, it is difficult to 
fully meet similarity criterion. The primary function of bolts 
in support engineering is to provide radial restraint and to 
reinforce loose rock masses. Therefore, the fracture force 
of bolts is chosen as the main criterion for the selection of 
model bolts (Jing et al. 2014). The formula is as follows (Yu 
et al. 2021):

where CF is the similarity ratio of fracture force; F1 is the 
characteristic parameter of the prototype fracture force; F2 
is the characteristic parameter of the model fracture force; 
�1 is the characteristic parameter of the prototype stress; 
�2 is the characteristic parameter of the model stress; A1 
is the characteristic parameter of the prototype cross-
sectional area; A2 is the characteristic parameter of the 
model cross-sectional area; CL is the geometric similarity 
ratio,CL = L1∕L2 , L1 is the characteristic parameter of the 
prototype geometry, L2 is the characteristic parameter of the 
model geometry; Cγ is the density similarity ratio, Cγ=�1∕�2 , 
�1 is the characteristic parameter of the prototype density, 
and �2 is the characteristic parameter of the model density.

The density of the rock-like materials in this paper is 
comparable to the general rock densities (Jiang et al. 2004) 
and Cγ can be considered as 1. Typical bolt parameters are 
given in Table 1. Based on the dimensions of the bolted joint 
specimens, it can be calculated that CL = 2.3–4.2, where in 
this study 2.4 is used. According to formula 1, CF = 13.8, 

(1)CF =
F1

F2

=
�1A1

�2A2
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L
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which means that the fracture forces of the bolts in the tests 
should be between 7.7 and 19.6 kN. Therefore, in this study, 
surveys and tests were carried out on commercially produced 
bolt. In the end, a 6 mm-diameter bolt made of 8.8 grade 
carbon steel with a fracture force of 19.1 kN was selected 
using the principles of similarity. The results of the pull-out 
tests are shown in Fig. 1. In the test, the length of the bolt is 
110 mm and each end of the bolt extends 5 mm beyond the 
joint specimen to install nuts and washers.

The properties of the grout significantly impact the shear 
stress of the bolted joint. The influence of grout properties 
on the strength of bolted joints is evident in two primary 
aspects: first, increased grout strength enhances the axial 
force near the joint surface of the bolt; second, it leads to a 
narrower range of bolt deformation, thus affecting its failure 
mode. In reference to previous studies (Wu et al. 2018a, b; 
Zhang et al. 2022), the grout selected for the tests comprised 
high-strength gypsum with a gypsum-to-water mass ratio 
of 1:0.32.

The fabrication process of the bolted joint specimens 
is shown in Fig. 1; After the joint specimens were poured 
and cured for 2 weeks, holes were drilled using an electric 
drill. After cleaning the hole walls, bolts were installed and 
anchored using the grout. The diameter of the borehole in 
the test was 10 mm. The grout lengths of the full-length 
anchorage and partial anchorage were set to 100 mm and 
30 mm, respectively, with reference to the relevant litera-
ture (Kang et al. 2014; Zhang et al. 2022). During grouting 
process, the joint specimens were clamped with a fixture to 
ensure the tight closure of joints and then prevent the grout 
bonding to the joint surfaces.

In this study, three joint surfaces with different roughness 
levels were selected for specimen preparation, which were 
labeled as J1, J2, and J3. Figure 2 displays the joint surface 
morphology obtained through 3D scanning. Using the slope 
root mean square method, values of JRC were calculated for 
the three joint surfaces based on 3D scan data. Initially, 50 
curves along the shear direction were selected on each joint 

Table 1  Mechanical behavior of steel bolt used in coal mine engineering practice (Jing et al. 2014)

Diameter (mm) Yielding strength 
(MPa)

Limiting strength 
(MPa)

Elastic modulus 
(GPa)

Yielding load (kN) Fracture load (kN) Extensibility (%)

16–25 340 520 210 68.4–129.2 106.6–270.4 ≥ 16

Fig. 1  Production process of bolted rock joints
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surface at 2 mm intervals, and the JRC of each curve was 
calculated using the following formula (Tse et al. 1979):

where Z2 represents slope root mean square; Δx represents 
the interval between data; n is the number of data points on 
each curve; Zi represents the coordinate z for each curve.

Subsequently, the average value of JRC from the 50 
curves was taken as the JRC value for each joint surface. 
Finally, the calculated JRC values for J1, J2, and J3 were 
3.68 (corresponding to 2–4 in the barton curve (Barton et al. 
1977)), 6.18 (corresponding to 6–8 in the barton curve), 
and 9.86 (corresponding to 8–10 in the barton curve), 
respectively.

(4)Z2 =

√

√

√

√
1

(n − 1)(Δx)2

n−1
∑

i=1

(Zi+1 − Zi)
2

(5)JRC = 32.2 + 32.47logZ2,

2.2  Experiment Apparatus

The experiments were conducted using the MIS-233–1-
55–03 constant normal stiffness servo-controlled shear test-
ing system, as depicted in Fig. 3 (Jiang et al. 2004). The 
normal force and shear force in this testing system were 
applied using vertical and horizontal jacks, respectively. 
The system can provide a maximum normal force and shear 
force of 200 kN, enabling the application of constant normal 
load (CNL) in the normal direction and constant normal 
stiffness (CNS) boundary conditions. The upper part of the 
shear box remained fixed horizontally during the shearing 
process, while the lower part of the shear box was pushed to 
induce displacement along the joint. During the experiment, 
LVDT displacement transducers were used to monitor the 
displacement of the joint in both the normal and horizontal 
directions, whose accuracy and measurement range were 
0.001 mm and 0 ~ 20 mm, respectively.

During the shear process, the acoustic emission signals 
were monitored using an eight-channel PAC-AEwin system. 

Fig. 2  Surface topographies of rock joints with different JRCs: a JRC = 3.68; b JRC = 6.18; JRC = 9.86

Fig. 3  The shear experiment system
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The acoustic emission sampling rate was set at 5 MSPS (5 
million samples per second), with the amplification factor of 
the front-end amplifier and the system threshold both set to 
40 dB. 6 PICO sensors were employed to record the acoustic 
emission signals, with 3 sensors positioned on each side as 
depicted in the bottom right corner of Fig. 2.

2.3  Test Scheme

The experiments were conducted under the CNL boundary 
condition with normal stresses of 2  MPa, 4  MPa, and 
6 MPa applied. During the experiment, the normal stress 
of the test specimen was first loaded to the specified value 
at a rate of 0.5 MPa/min. Subsequently, the lower part of 
the shear box was pushed at a rate of 0.5 mm/min until the 
shear displacement reached the target value, at which point 
the loading was stopped. This is because the bolt failure 
displacement is greater in the partial anchorage than in the 
full-length anchorage, and the load-bearing capacity of 
the anchored joint after bolt failure is no longer the focus, 
so different shear displacements need to be set. The shear 
displacement target values for full-length anchorage and 
partial anchorage were 10 mm and 15 mm, respectively. 
To better understand the influence of anchorage lengths on 
the shear characteristics of rock joints, shear tests were also 
conducted on unbolted joints for comparison. The specific 
experimental plan is listed in Table 2.

3  Shear Mechanical Characteristics 
of Bolted Joints

3.1  Shear Stress–Displacement Curve

The typical shear stress–shear displacement curves for joints 
under unanchored, full-length anchorage and partial anchor-
age conditions are shown in Fig. 4. It is evident that the 
evolution trend of shear stress–shear displacement curves 
varies significantly. Considering that numerous research-
ers have already provided comprehensive descriptions of 
shear stress–shear displacement curve characteristics for 
joint (Jiang et al. 2023b, c), this paper will instead focus on 
the analysis of shear stress–shear displacement curve char-
acteristics for full-length anchorage and partial anchorage 
conditions.

The shear process of fully bolted joints can also be 
divided into three stages. Stage I:  IF prepeak stage, which 
extends from the shear initiation point to the shear stress 
peak; within this stage, the shear stress linearly increases 
and rapidly reaches its peak �PF . Stage II:  IIF postpeak stage, 
which involves the interval from the shear stress peak to the 
first bolt fracture point; during this stage, the shear strength 
of the bolted joints exhibits a short-lived declining trend, Ta
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followed by a relatively stable pattern until the bolt frac-
tures. The shear stress at bolt fracture is �BF . Stage III:  IIIF  
post-bolt-fracture, which is characterized by a noticeable 
step-like drop in the shear stress–shear displacement curve, 
followed by a generally lower value that roughly continues 
the trend of the previous stage.

The shear process of partially bolted joints can be divided 
into four stages. Stage I:  IP prepeak stage, which is similar 
to the first stage of the previous two anchorage lengths. The 
shear stress of the partially bolted joints rapidly increases 
until the shear stress peak �PP . However, it needs to be noted 
that the shear stress peak �PP is close to the shear stress peak 
in the unanchored case �PU , and lower than the shear stress 
peak in the full-length anchorage case �PF . This is because 
the bolts near the joint are not engaged, and the bolts do not 
yet exert their “pin effect” during this stage. Stage II:  IIP 
displacement softening stage, which extends from the shear 
stress peak to the point when the bolts make contact with the 
surrounding rock. During this stage, the shear stress of the 
bolted joints is still primarily provided by the joint. There-
fore, as the joint surface roughness degrades, the shear stress 
continuously decreases. Stage III:  IIIP shear stress increas-
ing stage, which begins when the bolts make contact with 
the surrounding rock and continues until the bolts fracture. 
As the bolts come into contact with the surrounding rock, 
the shear stress of the entire bolted structure is provided by 
the joint’s shear resistance and the bolts’ shear resistance. 
The overall shear stress gradually increases with the shear 
displacement until the bolts fracture. The shear stress at bolt 
fracture is �BP . Stage IV:  IVP post-bolt-fracture stage, which 
spans from the bolt fracture to the end of shear, follows a 
similar pattern as Stage  IIIP in the full-length anchorage 
case.

3.2  Shear Stress Characteristic

Figure 5 shows the shear stress–shear displacement curves 
for unanchored, full-length anchorage, and partially bolted 
joint specimens with different JRC values under varying 
normal stress conditions. It is evident that due to the influ-
ence of anchorage lengths, joint surface roughness, and nor-
mal stress, the peak shear stress, fracture shear stress, and 
residual stress exhibit different evolutionary characteristics. 
Notably, the residual shear stress for partial anchorage and 
full-length anchorage cases is almost the same as that for 
the unanchored case. This is because in this stage, after the 
bolt fracture, they no longer play a role, and the residual 
shear stress is provided by the joint surface itself. Therefore, 
the analysis mainly focuses on the differences in peak shear 
stress and fracture shear stress. To quantitatively analyze 
the impact of different anchorage lengths on the evolution 
of shear stress, the peak shear stress and fracture shear stress 
for each set of shear stress curves were statistically analyzed, 
as shown in Table 3. 

Based on Table 3, a comparison chart of peak shear 
stress–normal stress and fracture shear stress–normal stress 
for both partial anchorage and full-length anchorage condi-
tions was generated, as shown in Fig. 6; it can be observed 
that the peak shear stress and fracture shear stress of the 
bolted joints under the full-length anchorage condition are 
larger than those under the partial anchorage condition; the 
increase in peak shear stress is more significant, which is 
primarily due to the fact that in the partial anchorage case, 
the surrounding rock is not in direct contact with the bolts, 
and the “pin effect” of the bolts is not fully engaged before 
the peak shear displacement is reached. As the shear pro-
gresses, the bolts start making contact with the surround-
ing rock, and the shear and tensile strength of the bolts are 
fully utilized. Therefore, when the bolt fractures, the differ-
ence in fracture shear stress between partial anchorage and 
full-length anchorage bolts is not significant. From Fig. 6, 
it can be found that as the normal stress increases from 2 to 
6 MPa, under the full-length anchorage condition, the peak 
shear stress of J1, J2, and J3 increases by 49.42%, 49.04%, 
and 47.37%, respectively. The fracture shear stress of J1, J2, 
and J3 increases by 46.01%, 38.65%, and 38.71%, respec-
tively. Under the partial anchorage condition, the peak shear 
stress of J1, J2, and J3 increases by 48.66%, 51.69%, and 
49.45%, respectively. The fracture shear stress of J1, J2, and 
J3 increases by 50.00%, 40.00%, and 39.17%, respectively. 
It can be inferred that under the full-length anchorage con-
dition, with the increase in normal stress, the increase in 
peak shear stress and fracture shear stress is less pronounced 
for rougher joint surfaces. Under the partial anchorage con-
dition, with the increase in normal stress, the percentage 
increase in peak shear stress tends to increase, while the 
percentage increase in fracture shear stress tends to decrease 

Fig. 4  Typical shear stress–shear displacement curves for different 
anchorage lengths
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for rougher joint surfaces. This is related to the anchoring 
effect exerted by the bolts during the shearing process. Dif-
ferent conditions of joint surface roughness, normal stress, 
anchorage lengths, and shear displacement result in varying 
degrees of anchoring effects of the bolts, which lead to dif-
ferent magnitudes of increase in peak shear stress and frac-
ture shear stress. Overall, it is indicated that the peak shear 
stress and fracture shear stress of bolted joints increases with 
an increase in normal stress or JRC, which is consistent with 

the findings by Jiang et al. (2022), Wu et al. (2018b), and 
Chen et al (2018a).

It is important to note that according to Pellet et  al. 
(1996), Spang et al. (1990), Maiolino et al. (2015), the effect 
of the joint dilatancy angle on the shear resistance force 
of the bolt increases with the bolt diameter. Therefore, the 
effect of the joint JRC on the shear resistance force of the 
bolt increases with the diameter of the bolt. In this paper, 
the diameter of the bolts is only 6 mm, which is smaller than 
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Fig. 5  Shear stress–displacement curves

Table 3  Peak shear stress and fracture shear stress of bolted joints under different conditions

Joint surface roughness J1 J2 J3

Normal stress/MPa 2.00 4.00 6.00 2.00 4.00 6.00 2.00 4.00 6.00
Peak shear stress for full-length anchorage case/MPa 1.75 2.51 3.46 2.40 3.60 4.71 3.00 4.80 5.70
Fracture shear stress for full-length anchorage case/MPa 1.42 1.65 2.63 2.00 2.40 3.26 2.28 3.00 3.72
Peak shear stress for partial anchorage case/MPa 1.72 2.29 3.35 2.15 3.30 4.45 2.75 4.42 5.44
Fracture shear stress for partial anchorage case /MPa 1.30 1.62 2.60 1.95 2.29 3.25 2.19 2.88 3.60
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that of the field bolts. Therefore with the increase of JRC, the 
shear resistance force of the field bolts will increase more 
significantly.

3.3  Shear Dilatancy Characteristic

Under different conditions, the normal displacement–shear 
displacement curves of bolted joints are presented in Fig. 7. 
As observed, both the normal displacement in partial 
anchorage and full-length anchorage cases exhibit non-linear 
increases with shear displacement. The slope of the normal 
displacement curve decreases gradually with the progress 
of shear. This phenomenon arises from the initial stages of 

shear when the roughness of the joint surface remains intact; 
the rock blocks slide along the roughness, leading to a swift 
increase in normal displacement. With shear continuing, a 
significant portion of the roughness is disrupted, causing the 
blocks to move along the fractured roughness, resulting in a 
slower increase in normal displacement.

To analyze the impact of the anchorage length on 
joint shear dilation behavior, the shear dilation value was 
statistically determined at a 10 mm shear displacement (the 
maximum under the full-length anchorage), as depicted 
in Fig. 7d. In the partial anchorage, as the normal stress 
increases from 2 to 6  MPa, the shear dilatation values 
of J1 decrease to 0.835, 0.688 and 0.474, a decrease of 
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19.72%.The shear dilation values of J2 are 1.279, 1.006, 
and 0.898, respectively, which are reduced by 19.85%. 
The shear dilation values of J3 were 2.007, 1.388, and 
1.128, respectively, a reduction of 25.83%. In the full-
length anchorage, when the normal stress increases from 
2 to 6  MPa, the shear dilation values of J1 are 1.341, 
1.040, and 0.667, respectively, which are reduced by 
22.45%. the shear dilation values of J2 are 1.665, 1.202, 
and 0.997, respectively, which are reduced by 27.79%. The 
shear dilation values of J3 are 2.278, 1.649, and 1.330, 
respectively, which are reduced by 27.61%. By comparing 
the normal displacement curves of partial anchorage and 
full-length anchorage cases, it is revealed that under the 
same conditions, the normal displacement in the partial 
anchorage configuration is lower than that in the full-length 
anchorage configuration. This difference is caused, because 
the partial anchorage effectively restrains the shear dilation 
behavior of the joint specimen. In the partial anchorage, 
since there is no grout in the free segment, the axial force of 
the bolt can be directly transmitted to the free end washer. 
The interaction between the washer and the rock specimen 
effectively restricts the shear dilation behavior of the joint, 
leading to a further increase in normal stress on the joint 
surface. In the full-length anchorage configuration, due to 
the confinement of the grout, the axial force of the bolt is 
mainly concentrated near the joint (Li et al. 2022c), and 
it cannot be fully transmitted. As a result, the restraining 

effect on shear dilation behavior is not as pronounced as in 
the partial anchorage. Using a larger washer size will better 
promote the distribution of the axial force at the top of the 
rock sample, resulting in a more effective limitation of the 
joint dilatation behavior.

3.4  Damage Characteristic

3.4.1  Joint Surface

Figure 8 illustrates the characteristics of joint surface dam-
age. At the conclusion of the bolted joint shear test, substan-
tial surface roughness near the bolt experienced significant 
damage. In addition, failure of the grout and surrounding 
rock near the bolt can be observed due to compression of 
the bolt in the shear direction. To analyze the damage and 
failure characteristics of the joint surface, image processing 
was conducted on the joint surface after shear tests, as shown 
in Fig. 8. The specific image processing method involved the 
following steps: First, the damaged portions of the joint sur-
face were selected as the feature range. Then, based on this 
range, similar areas were selected. Finally, all the damaged 
areas on the joint surface were identified and highlighted 
(shown as white areas within red circles in the image). The 
principle is that the color and brightness of the joint surface 
change after damage occurs. Therefore, in image processing 
software, the grayscale range of the damaged area can be 

Fig. 8  The patterns of fracture surface damage under various conditions of normal stress and Joint Roughness Coefficient (JRC)
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defined as the feature value range. Subsequently, this range 
is used to identify the entire damaged area in the image. 
Research indicates that joint surface roughness and normal 
stress are the primary factors influencing the extent and area 
of damage on the joint surface (Jiang et al. 2022; Grasselli 
et al. 2002). In this section, the experimental results under 
the partial anchorage are selected as an example for analysis. 
To assess the influence of normal stress and Joint Roughness 
Coefficient (JRC) on the joint surface damage characteris-
tics, the damaged areas on the joint specimen surfaces were 
quantified. For the J1 specimen, the ratios of damaged area 
were 30.12%, 34.61%, and 37.27% under normal stresses of 
2 MPa, 4 MPa, and 6 MPa, respectively. Similarly, for the 
J2 specimen, the ratios were 35.17%, 39.55%, and 43.11%, 
and for the J3 specimen, the ratios were 38.25%, 41.64%, 
and 45.13%.

This analysis shows that under the same JRC condition, 
an increase in normal stress leads to an increase in the extent 
of joint surface damage. However, the location of damage on 
the joint surface remains relatively consistent. This can be 
attributed to the fact that the angles of the rough elements on 
the rough joint surface determine the contact characteristics 
during shearing. Grasselli et al. (2002) have suggested that 
the potential contact area of a joint is related to the angles of 
the rough elements on the joint surface, and that the contact 
area can be simplified to only consider the region facing 

the shearing direction and having an angle larger than the 
critical viewing angle. Similarly, due to different levels of 
joint surface roughness, the extent of damage on the joint 
surface varies for different JRC values under the same 
normal stress conditions. The analysis also reveals that, 
under the same normal stress, higher JRC values correspond 
to larger areas of joint surface damage. This is attributed to 
the fact that a rougher joint surface with a more complex 
distribution of angles and larger surface area has a larger 
initial contact area during shearing, leading to a larger area 
of damage on the joint surface.

To assess the influence of different anchorage lengths on 
the joint surface damage characteristics, the results of the J2 
joint are taken as an example to analyze the damaged areas 
on the joint specimen surface for both the partial anchor-
age and full-length anchorage, as shown in Fig. 9. When 
the normal stress is 2 MPa, 4 MPa, and 6 MPa, the ratios 
of damaged area for the J2 joint under the partial anchor-
age are 35.17%, 39.55%, and 43.11%, respectively. For the 
full-length anchorage, the ratios are 10.95%, 12.38%, and 
15.79%. For the unanchorage, the ratios are 5.94%, 7.74%, 
and 12.39%. Comparing the above data, it is evident that 
under the partial anchorage, the extent of joint surface dam-
age is larger. This is attributed to two main reasons: first, 
the total shear displacement under the partial anchorage is 
greater than under the full-length anchorage, meaning that 

Fig. 9  The fracture patterns on the joint surfaces under distinct conditions of anchorage lengths
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the joint surface under partial anchorage experiences longer 
periods of shearing displacement. However, this is not the 
main reason. According to reference (Chen et al. 2018b), 
the damage on the fracture surface mainly occurs near the 
peak shear displacement (shear displacement not exceed-
ing 1 mm), and less damage occurs within the residual 
stage (shear displacement exceeding 5 mm). Similarly, in 
the process of anchor joint shearing, the damage on the 
fracture surface mainly occurs before the bolt breaks, and 
less damage occurs after the bolt breaks; This is detailed in 
Sect. 4.1. Therefore, accurately speaking, one reason is due 
to the larger bolt breaking displacement in the case of partial 
anchorage compared to full-length anchorage; the second 
reason is that in partial anchorage, there is no restriction 
from grout on the bolt, making it easier for the axial force 
of the bolt to be transmitted, which increases the normal 
stress on the fracture surface. Although full-length anchor-
age also increases the normal stress on the fracture surface, it 
is mainly concentrated in a small range where the bolt inter-
sects with the fracture. Overall, the reason for the fracture 
surface damage area is larger in the case of partial anchor-
age is that the axial force of the bolt can be more effectively 
transmitted, effectively increasing the normal stress on the 
fracture surface, and the breaking shear displacement in 
partial anchorage is longer, leading to a longer duration of 
action on the fracture surface.

3.4.2  Bolt

To analyze the deformation and failure characteristics of 
bolts under different conditions, the bolts were removed 
from the specimens after the shear tests and photographed, 
as shown in Fig. 10 (the yellow lines indicate the fracture 
section of the bolt); it can be observed that the deformation 
of the bolt is mainly concentrated near the joint surfaces, and 
after shear failure, it exhibits a generally “S”-shaped defor-
mation pattern. Under the full-length anchorage condition, 
the bolt deformation is mostly symmetric around the center, 
while under the partial anchorage condition, the deformation 
is asymmetric. Overall, the deformation of the bolt is greater 
under the partial anchorage condition compared to the full-
length anchorage condition. The fracture characteristics of 
the bolts in the figure indicate that the bolt fractures into two 
or three segments, which is consistent with the experimen-
tal results of Wu et al. (2018a). The occurrence of fracture 
into different segments is mainly influenced by the fracture 
position of the bolt and the roughness of the joint surfaces. 
Jalalifar et al. (2010) have pointed out that the fracture of the 
bolt may occur at the location of maximum bending moment 
(plastic hinge) or at the intersection of the bolt and the struc-
tural surface. When the fracture position of the bolt occurs 
at the plastic hinge, one end of the broken bolt will still 
protrude from the joint surface. Under the action of normal 

stress, on one hand, the protruding end of the broken bolt 
will be partially embedded into the rock due to compression, 
limiting the sliding of the bolt; on the other hand, it will 
cause a significant tensile stress on one side of the plastic 
hinge of the bolt. The combined effect of these two factors 
results in a secondary fracture of the bolt.

Figure  10 shows distinct fracture characteristics 
indicating two primary failure modes: flexural-tension 
and flexural-shear failures (Fig. 10c). The figure illustrates 
that in flexure-tension failure, the bolt undergoes a greater 
deformation range than in flexure-shear failure. In flexure-
tension failure, fractures predominantly occur at or near the 
point of maximum bending moment, commonly near the 
plastic hinge. The angle between the fracture normal and 
the shear direction is usually below 90°. In flexure-shear 
damage, fractures occur at the point of maximum shear 
stress, where the angle between the fracture normal and 
shear direction exceeds 90°.

From Fig. 10, it can also be observed that under the full-
length anchorage, as the normal stress and JRC increase, the 
deformation range of the bolts decreases. This is attributed 
to the presence of grout in the full-length anchorage, which 
restricts the axial load transfer of the bolts. As a result, the 
deformation and stress concentration of the bolts mainly 
occur near the joint surfaces, further influenced by the 
surface morphology of the joint where the bolts are installed 
Under the partial anchorage, with the increase of normal 
stress, the overall deformation range of the bolt tends to 
decrease, while with the increase of JRC, the deformation 
range of the bolt generally increases. This is mainly due 
to the fact that in the partial anchorage, the bolt does not 
initially contact the surrounding rock. Significant bending 
deformation of the bolt occurs only after contact with the 
surrounding rock. Thus, the position of contact between the 
bolt and the surrounding rock determines the deformation 
range of the bolt. It is well known that with an increase in 
normal stress or a decrease in JRC, joint dilation decreases 
(Wang et  al. 2022). Consequently, as the normal stress 
increases and joint dilation decreases, the deformation range 
of the bolt decreases when it comes into contact with the 
surrounding rock. Similarly, with an increase in JRC and 
corresponding joint dilation, the deformation range of the 
bolt increases.

The study aimed to quantitatively analyze bolt deforma-
tion by recording displacements at the bolt failure point 
under varied conditions, as depicted in Fig. 11. In the fig-
ure ‘Db’ represents the shear displacement with ‘DbF’ for 
full-length anchorage and ‘DbP’ for partial anchorage. ‘DbP’ 
notably surpasses ‘DbF’ in Fig. 11, indicating that in the 
partial anchorage, the bolt’s fracture shear displacement is 
significantly influenced by normal stress and joint surface 
roughness. In addition, Fig. 13 shows that under the partial 
anchorage, as the normal stress increases from 2 to 6 MPa, 
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the fracture shear displacements for ‘J1’ were 9.64, 8.51, 
and 7.95, respectively, a reduction of 17.53%. The fracture 
shear displacements for ‘J2’ were 11.75, 10.06, and 9.50, 
respectively, a reduction of 19.15%. The fracture shear dis-
placements for ‘J3’ were 13.68, 11.08, and 10.7 respectively, 
a reduction of 21.71%. Under the full-length anchorage, as 

the normal stress increases from 2 to 6 MPa, the fracture 
shear displacements for ‘J1’ were 5.50, 5.75, and 5.45, 
respectively, a reduction of 0.91%. The fracture shear dis-
placements for ‘J2’ were 5.50, 5.67, and 5.26, respectively, 
a reduction of 4.36%. The fracture shear displacements for 
‘J3’ were 5.34, 5.40, and 5.17, respectively, a reduction of 

Fig. 10  Failure diagram of bolt deformation: a partial anchorage; b full-length anchorage; c schematic diagram of broken bolt
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3.18%. From the aforementioned data, it is evident that with 
the increase in normal stress, the ‘DbP’ curve displays a non-
linear reduction, while the ‘DbF’ curve initially increases 
before decreasing, exhibiting an overall decreasing trend.

4  Shear Performance of Bolt

4.1  Evolutionary Patterns of Anchoring Effects 
of Bolt

As analyzed in Sect. 3.1, continuous shear results in shear 
stress curves for both partial anchorage and full-length 
anchorage configurations that are notably higher than that 
for the unanchored condition. This indicates that anchor 
bolts continuously exert their anchoring effects during 
the shearing process, until the anchor bolts fracture. From 
Fig. 4, it can be observed that during the shearing process, 
the anchoring effects of partial anchorage and full-length 
anchorage anchor bolts differ; To quantitatively analyze 
the shear resistance provided by anchor bolts under differ-
ent anchorage lengths, the shear stress of the full-length 
anchorage configuration is subtracted from the shear stress 
of the partial anchorage configuration under the same shear 
displacement conditions, yielding the difference of shear 
stress (DSS) between the two anchorage lengths, as shown 
in Fig. 12a. The DSS for the three types of rough bolted 
joint specimens (J1, J2, and J3) under different normal stress 
conditions are presented in Fig. 12b–d.

It is evident that the variation trends of the DSS curves 
for different rough bolted joints under various normal stress 
conditions are consistent. As the shear process progresses, 
the DSS curves generally exhibit five stages:

Stage ① (Corresponding to part  IP of the shear stress 
curve): From the onset of shearing to around the maximum 
peak of shear displacement (the largest peak shear 
displacement among both full-length anchorage and partial 
anchorage), the DSS increases and then decreases with shear 
displacement. This is because in the full-length anchorage 
configuration, the “pin effect” is more quickly employed, 
rapidly mobilizing the shear stress of the anchor bolt. As 
shear displacement increases, the shear stress mobilized 
by the anchor bolt is greater. Conversely, in the partial 
anchorage configuration, without the presence of grouts, the 
anchor bolt does not exert the “pin effect”. Therefore, under 
the same shear displacement conditions, the shear stress 
in the partial anchorage configuration is lower than in the 
full-length anchorage configuration. Moreover, as shearing 
progresses, the difference in shear stress between full-length 
anchorage and partial anchorage configurations increases. 
When the shear stress of the full-length anchorage reaches 
its peak, the shear stress of the partial anchorage has not yet 
reached its peak. Consequently, in the subsequent shearing 
process, the shear stress of the full-length anchorage starts 
to decrease, while the shear stress of the partial anchorage 
continues to increase, causing the DSS to rapidly drop and 
even become negative.

Stage ② (Corresponding to part  IIP of the shear stress 
curve): involves moving to the maximum peak of shear dis-
placement until the bolt comes into contact with the sur-
rounding rock (partial anchorage configuration). During this 
stage, the DSS curve starts to rise gradually; this is due to 
the fact that in the end, the bolt and surrounding rock have 
not yet made contact, so that the shear stress curve for par-
tial anchorage decreases rapidly. In contrast, with the full-
length anchorage, the shear stress curve declines slowly due 
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Fig. 11  The bolt shear fracture displacement under different conditions of normal stresses and various Joint Roughness Coefficient (JRC): a vari-
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to the shear resistance provided by the bolt, leading to a slow 
increase in DSS again.

Stage ③ (Corresponding to the overlap of  IIF and  IIIP in 
the shear stress curve): encompasses the period from when 
the bolt contacts the surrounding rock (partial anchorage) to 
the complete failure of the full bolt. DSS remains relatively 
constant during this stage. The partial anchorage causes the 
bolt to swiftly exert its “pinning effect” on the surrounding 
rock upon contact, causing the shear stress curve for partial 
anchorage to stop decreasing and begin to rise slowly. As a 
result, the DSS curve remains relatively stable throughout 
this stage.

Stage ④ (Corresponding to the remainder of  IIIP in the 
shear stress curve): as the displacement shifts from full bolt 
failure to end bolt failure, the DSS curve abruptly drops to 
negative values and then starts decreasing gradually. This is 
because in the full anchor method, the shear stress from the 
bolt rapidly drops upon failure, falling below the shear stress 
of the partial anchorage. Furthermore, since the bolt in the 
partial anchorage has not fractured, its shear stress continues 

to increase slowly. Consequently, the DSS becomes negative 
and decreases continuously.

Stage ⑤ (Corresponding to part  IVP of the shear stress 
curve): from end bolt failure to a shear displacement of 
10 mm, DSS remains close to 0. After the failure of the 
bolt, the shear strength of the anchor joint primarily relies 
on the joint surface, independent of the anchorage length.

From Fig. 12, it can also be observed that under the same 
rough joint conditions, as the normal stress increases, the 
overall DSS curves show minimal variation. This effect is 
especially pronounced when the joint roughness is relatively 
small; For instance, the DSS curves for the J1 bolted joint 
specimen closely align across the three different normal 
stress conditions.

4.2  The Improved Shear Stress of Bolt

To measure the enhancement effect of bolts on joint shear 
strength, previous studies (Jiang et al. 2022); commonly 
defined the shear stress decrease upon bolt failure as the 
bolt enhanced shear stress, denoted as T2. Therefore, to 
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analyze the enhancement effects of the partial anchorage 
and full-length anchorage on joint shear strength, this study 
collected the bolt enhanced shear stress T2F under the full-
length anchorage, as well as the bolt enhanced shear stress 
T2E under the partial anchorage, as shown in Fig. 4.

The statistical analysis of T2 under the two anchorage 
lengths was conducted, and the results are presented in 
Fig. 13; it is evident that the specific anchoring effects of 
the bolts vary based on the anchorage method: Under J1 
joint conditions, with normal stresses of 2 MPa, 4 MPa, 
and 6 MPa, values of T2F are 0.42 MPa, 0.35 MPa, and 
0.33 MPa, respectively, while values of T2E are 0.38 MPa, 
0.32 MPa, and 0.3 MPa. Under J2 joint conditions, with 
normal stresses of 2 MPa, 4 MPa, and 6 MPa, values of T2F 
are 0.83 MPa, 0.60 MPa, and 0.49 MPa respectively, while 
values of T2E are 0.75 MPa, 0.54 MPa, and 0.45 MPa. Under 
J3 joint conditions, with normal stresses of 2 MPa, 4 MPa, 
and 6 MPa, values of T2F are 1.04 MPa, 0.85 MPa, and 
0.64 MPa, respectively, while values of T2E are 0.98 MPa, 
0.80 MPa, and 0.59 MPa.

Based on the data above, it can be observed that T2 are 
generally larger under the full-length anchorage compared to 
the partial anchorage. However, the difference between the 
two methods is not substantial, ranging from approximately 
0.03 to 0.08  MPa. This indicates that the full-length 
anchorage method provides a better enhancement in joint 
shear strength compared to the partial anchorage, but the 
improvement is limited. This is because, at the point of 
ultimate failure of the anchorage system, the bolt is the 
primary load-bearing structure. Consequently, the fracture 
shear stress is primarily determined by the shear strength of 
the bolt itself, resulting in a minimal difference in fracture 
shear stress between the two anchorage conditions.

It is evident that both the full-length anchorage and 
partial anchorage show the following patterns: 1. Under the 
same normal stress conditions, as the JRC increases, the 
bolt enhanced shear stress T2 also increases. 2. Under the 
same JRC, as the normal stress increases, the bolt enhanced 
shear stress T2 decreases. This behavior can be attributed to 
the formation of a pair of symmetrically distributed plastic 
hinges near the joint during the shearing process. Once 
these plastic hinges form, the bolt undergoes shear yielding. 
After shear yielding, in subsequent shear processes, the bolt 
exhibits mechanical properties similar to a truss member, 
meaning that shear forces remain constant, while axial forces 
gradually increase. With the increase in axial force, the axial 
strain of the bolt gradually increases until it experiences 
tensile failure (Chen et al 2018b; Ma et al. 2019).

Based on this analysis, the enhancement effect of bolts on 
joint shear strength is highly dependent on the axial force 
acting on the bolt. When the normal stress on the joint is 
high, the axial deformation of the bolt is relatively small, 
making it difficult to engage the axial force of the bolt. As 

a result, the shear resistance provided by the bolt gradually 
weakens as the normal stress increases. On the other 
hand, as JRC increases, it leads to increased shear dilation 
deformation of the joint, which in turn induces elongation 
deformation in the bolt. This mobilizes the axial force of the 
bolt to provide shear resistance, causing the shear resistance 
offered by the bolt to increase as JRC increases.

5  Shear Acoustic Emission Characteristics 
of Bolted Joints

5.1  Hit and Energy

During the rock failure process, the acoustic emission sig-
nals released contain vital information about the rock failure 
mechanism. Hit represents the number of acoustic emission 
events within a specified time period, indicating the activ-
ity level of fracture initiation and propagation within the 
material. Energy quantifies the total energy released during 
these acoustic emission events, reflecting both the rate and 
intensity of fracture expansion in the material. Therefore, in 
the previous studies, (Meng et al. 2019; Zhang et al. 2020a, 
b; Liu et al. 2022) have extensively employed acoustic emis-
sion parameters (Hit and Energy) to assess microfracture 
quantities and magnitude in rock joints during shearing, 
effectively unveiling the evolutionary damage process in 
these joints. It can provide a research basis for the prediction 
method of the roadway surrounding rock state and the accu-
rate prediction in the engineering field. This chapter com-
bines acoustic emission techniques to analyze the influence 
of different normal stresses, Joint Roughness Coefficients 
(JRC), and anchor methods on the damage evolution patterns 
of bolted joints. Only the results for cases, such as J2-2-E, 
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J2-4-E, J2-6-E, J1-4-E, J3-4-E, and J2-2-F, J2-4-F, J2-6-F, 
J1-4-F, and J3-4-F, are presented for analysis. Figures 14 and 
15 display the monitoring results of the acoustic emission 
characteristic parameters Hit rate and Energy rate under the 
partial anchorage and full-length anchorage, respectively.

The main task of this study is to investigate the 
relationship between the shear behavior of bolted joints 
and the acoustic emission characteristics. At different 
stages of the shearing process of bolted joints, the acoustic 
emission characteristics are different. From Fig. 14, it can 
be observed that under the partial anchorage: In Stage 

 IE, the Hit rate increases continuously until reaching its 
maximum value. This is because, at the start of shearing, 
most of the asperities on the joint surface undergo primarily 
elastic deformation without significant damage, and only a 
small portion experiences damage and friction. As shearing 
continues, at the instant when the shear stress peaks, a 
large number of asperities are torn apart. In Stage  IIE, the 
Hit rate decreases steadily. This is due to during Stage 
 IE, a substantial number of asperities have already been 
damaged. The number of asperities undergoing damage 
decreases in this stage. Additionally, fragments of asperities 

Fig. 14  The variation characteristics of acoustic emission characteristic parameters under the partial anchorage

Fig. 15  The variation characteristics of acoustic emission characteristic parameters under the full-length anchorage
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that were torn apart in Stage  IE remain within the joint and 
are subjected to secondary grinding during the shearing 
process. Hence, while the Hit rate decreases in Stage  IIE, 
it still remains relatively high overall. In Stage  IIIE, the Hit 
rate is relatively low and stable. This is because, during 
this stage, there is minimal further damage to asperities. 
Acoustic emission impact signals are primarily generated 
by friction between the joint surfaces. It needs to be noted 
that within this stage, certain instances of a sudden increase 
in the Hit rate occur. This can be attributed to two factors: 
First, as shearing progresses, the contact area of the joint 
surface continually reduces, causing stress concentration on 
the asperities. Consequently, under high concentrated stress, 
slight failures occur in the asperities, leading to acoustic 
emission signals. Second, within this stage, the bolt comes 
into contact with the surrounding rock, resulting in mutual 
compression. This can cause rock damage, especially when 
approaching the bolt failure, leading to an increase in the 
Hit rate. In Stage  IVE, the Hit rate continues to decrease 
further. In this stage, the Hit rate is primarily generated by 
two factors: friction between the joint surfaces and friction 
between the failured bolt and the joint. As analyzed in 
Sect. 3.4, after the bolt failures, a portion remains higher 
than the joint surface. Therefore, this segment of the bolt 
continues to interact with the joint surface, generating a 
small amount of acoustic emission signals.

From Fig. 14, it is found that the Energy rate shows a 
similar changing trend to the Hit rate in different stages: 
In Stage  IE, the Energy rate starts increasing continuously. 
Upon entering Stage  IIE, it begins to decrease steadily. In 
Stage  IIIE, the Energy rate notably decreases, which is due 
to the predominance of friction on the joint surface during 
this stage, resulting in smaller acoustic emission energy. 
Similarly, individual instances of a sudden increase in 
Energy rate indicate micro-fractures occurring on the joint 
surface or near the bolt; Especially during bolt failure, 
the Energy rate increases significantly and surpasses the 
Energy rate value at the shear stress peak. This signifies 
that the energy released upon bolt failure is far greater 
than the energy produced during asperity damage on the 
joint surface. In Stage  IVE, the Energy rate remains at a 
relatively low level; Occasional sharp increases indicate 
moments of fracture occurrence under concentrated stress 
or interaction between the failure bolt and the joint surface. 
Overall, the changing pattern of Energy rate closely mirrors 
that of Hit rate in various stages. From Fig. 15, it is apparent 
that under the full-length anchorage, the evolution patterns 
of Hit rate and Energy rate are generally similar to those 
under the partial anchorage. However, the difference is 
that under the full-length anchorage, the acoustic emission 
signals within a certain distance after the peak are higher 
compared to the partial anchorage. This indicates that within 
this distance after the peak, during the early shearing phase, 

the interaction between the bolt and the surrounding rock 
is more intense under the full-length anchorage compared 
to the partial anchorage, highlighting a stronger anchoring 
effect of the bolt.

Based on the acoustic emission monitoring data, under the 
partial anchorage, when the normal stress is 2 MPa, 4 MPa, 
and 6 MPa, the corresponding maximum Hit rates are 28, 40, 
and 68, and the maximum Energy rates are 61.414 ×  10^3, 
46.015 ×  10^3, and 22.454 ×  10^3, respectively. The cumulative 
Hit counts are 2.717 ×  10^3, 3.965 ×  10^3, and 4.782 ×  10^3, 
and the cumulative Energy are 20.347 ×  10^4, 29.507 ×  10^4, 
and 22.944 ×  10^4. This reveals that under the partial 
anchorage, with the same JRC, as the normal stress increases, 
the maximum Hit rate and cumulative Hit count increase. This 
is due to the fact that with higher normal stress, more asperities 
on the joint surface are damaged at the shear stress peak. As 
the normal stress increases, the maximum acoustic emission 
energy decreases. As analyzed in Sect. 3.4, the deformation 
range of the bolt generally decreases with increasing normal 
stress. Therefore, the accumulated deformation energy of the 
bolt becomes smaller, leading to a reduction in the energy 
released upon bolt failure. Furthermore, with increasing 
normal stress, the cumulative energy first increases and then 
decreases. This is because, as the normal stress on the joint 
surface increases, the concentrated stress on the asperities 
becomes larger, resulting in more significant energy release 
during asperity damage. However, as the energy released upon 
bolt failure decreases, it leads to fluctuations in the cumulative 
energy. Under the full-length anchorage, as the normal stress 
increases from 2 to 6 MPa, the corresponding maximum Hit 
rates exhibit an upward trend to be 32, 51, and 75, respectively. 
Simultaneously, the maximum Energy rates display a declining 
pattern of becoming 79.556 ×  10^3, 23.603 ×  10^3, and 
14.493 ×  10^3, respectively. With respect to the cumulative 
counts, they present values of 1.270 ×  10^3, 3.140 ×  10^3, 
and 4.635 ×  10^3 for Hits, and 13.495 ×  10^4, 28.203 ×  10^4, 
and 19.928 ×  10^4 for Energy, respectively. It is indicated that 
under the full-length anchorage and identical JRC, the rise 
in normal stress leads to proportional increments in both the 
maximum Hit rate and cumulative Hit count, whose reason 
aligns with the aforementioned rationale. Furthermore, the 
increase in normal stress results in a reduction in the maximum 
emitted acoustic energy, indicating overall decreasing trend in 
deformation range of the bolt. This correlation corresponds 
with the findings discussed in Sect. 3.4. Moreover, as the 
normal stress increases, the cumulative energy initially 
increases and subsequently decreases. This phenomenon is 
attributed to the amplified concentrated stress on the rough 
surfaces of the joint plane with an increase in normal stress. 
Consequently, higher energy is released upon the failure of the 
rough surfaces, while the energy associated with the fracture 
of the bolt decreases, causing fluctuations in the cumulative 
energy. From these insights, it can be deduced that under 
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the same normal stress and JRC conditions, the full-length 
anchorage yields a larger maximum Hit rate compared to the 
partial anchorage, suggesting that the full-length anchorage 
generates more damage at the shear stress peak, this owes to 
the quicker interaction between the bolt and the surrounding 
rock. The energy release data further support this notion, as 
the full-length anchorage results in an overall decrease in 
maximum energy, indicating a smaller deformation range of 
the bolt compared to the partial anchorage, which aligns with 
the observations made in Sect. 3.4.

5.2  AE b Value

The b of acoustic emission can serve as a characteristic 
value to describe the relative proportion of small-magnitude 
and large-magnitude events. A high b for acoustic emission 
corresponds to a significant number of low-intensity acoustic 
emission events, while a low b corresponds to a rapid increase 
in large cracks and an accelerated crack propagation rate. An 
increase in the b of acoustic emission indicates enhanced 
acoustic emission activity during the rock loading process, 
primarily manifesting as small-scale microcracks. Conversely, 
a decrease in the b indicates a reduction in the number of 
acoustic emission events during loading, accompanied by 
the emergence of large-scale cracks or a sharp increase in 
crack propagation rate (Ma et al. 2023). This illustrates that 
the evolutionary pattern of the b for acoustic emission holds 
crucial guidance for a profound understanding of rock failure 
mechanisms and the prevention of disaster incidents caused by 
the instability resulting from rock failure (Meng et al. 2019; 
Zhang et al. 2017).

In 1944, Gutenberg and Richter (1944) proposed a 
significant seismic frequency–magnitude (F–M) law, with the 
following expression:

where M represents the seismic magnitude; N denotes the 
cumulative frequency of seismic events with magnitudes 
greater than M: a and b are two constants.

The calculation of b for acoustic emission follows the 
same method as that for seismic b value (Zhang et al. 2022). 
When computing the b for acoustic emission associated 
with rock fractures, the amplitude of acoustic emission is 
generally utilized to indicate the size of the event. By dividing 
the amplitude by 20, an equivalent seismic magnitude is 
obtained, which allows for a rough correspondence between 
the distributions of acoustic emission amplitudes and seismic 
magnitudes. Consequently, during indoor experimental 
acoustic emission studies, the formula for the b of acoustic 
emission is adjusted as proposed in (Sagasta et al. 2018)

(6)log10 N = a − bM,

(7)log10 N = a − bAdB∕20,

where AdB represents the amplitude of the acoustic emission 
event.

To analyze the evolutionary pattern of b values of acous-
tic emission for partial anchorage and full-length anchor-
age joint surfaces, dynamic b values of acoustic emission 
during shear processes were calculated using Eq. (7) based 
on amplitude data, as shown in Fig. 16. From Fig. 16, it 
can be observed that the variations in acoustic emission 
amplitude and b values differ across different stages. Under 
the partial anchorage configuration: In Stage  IP, the distri-
bution frequency of acoustic emission amplitude reaches 
the peak, and the b value rapidly decreases. This suggests 
that around the shear stress peak, acoustic emission signals 
are most active, and a relatively high proportion of large 
cracks are generated. In Stage  IIP, although the distribution 
frequency of acoustic emission amplitude decreases, the b 
value remains at a low level. This indicates that acoustic 
emission signals gradually decrease during this stage, but 
the proportion of large cracks remains relatively high. In 
Stage  IIIP, the distribution frequency of amplitude is lower 
than in Stage  IIE, but the b value starts to increase rap-
idly and then stabilizes. This suggests that the generation 
of acoustic emission signal further diminishes during this 
stage, primarily manifesting as small-scale microcracks. In 
Stage  IVP, the distribution frequency of acoustic emission 
amplitude further decreases, and the b value experiences a 
slight decline, but still remains higher than in Stage  IE. This 
is due to the fact that after the partial anchorage bolt breaks, 
it remains protruding from the joint surface, and interaction 
between the fractured bolt and the joint surface continues, 
generating significant acoustic emission signals. Conse-
quently, although the quantity of acoustic emission signals 
decreases further during this stage, the proportion of large 
cracks being generated relatively increases. Under the full-
length anchorage configuration: In Stage  IF, similar to the 
partial anchorage configuration, the distribution frequency 
of acoustic emission amplitude reach the peak, and the b 
value rapidly decreases. This indicates high acoustic emis-
sion activity around the shear stress peak and a higher pro-
portion of large cracks being generated. In Stage  IIF, as shear 
displacement increases, the distribution frequency of acous-
tic emission amplitude decreases, and the b value remains 
at a low level while decreasing. This suggests that acoustic 
emission signals gradually decrease during this stage, but 
the proportion of large cracks remains relatively high. In 
Stage  IIIF, the distribution frequency of acoustic emission 
amplitude further decreases, and the overall trend of the b 
value is upward, while some b values show a downward 
trend. This phenomenon is related to the interaction between 
fractured bolts and joints after bolt failure. When the bro-
ken bolt is above the joint surface, it continues to interact 
with the joint surface, generating significant acoustic emis-
sion signals. However, when the broken bolt does not come 
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into contact with the joint surface, the acoustic emission 
signals during this stage are smaller. Comparing the evolu-
tionary patterns of b of acoustic emission under the partial 
anchorage and full-length anchorage configurations, it can 
be observed that before shear displacement reaches 3 mm, 
the variation trends of b value are approximately consistent 
for both anchorage lengths. As shear progresses, the b value 
rapidly decreases and then stabilizes. Subsequently, before 

bolt failure, with increasing shear displacement, the b value 
under the partial anchorage configuration is higher than that 
under the full-length anchorage configuration. This reflects 
that, within this range, a higher proportion of large cracks 
are generated under the full-length anchorage configuration, 
indicating more intense interaction between the bolt and the 
surrounding rock in the full-length anchorage configurations.

Fig. 16  The amplitude and dynamic b values of acoustic emission of joint surfaces under different anchorage lengths: a the influence of normal 
stress; b the influence of joint roughness
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From Fig. 16a, it can be observed that under the same 
Joint Roughness Coefficient (JRC) conditions, the b values 
of acoustic emission for both partial anchorage and full-
length anchorage configurations decrease as the normal 
stress increases. Additionally, Fig. 16b indicates that under 
the same normal stress conditions, the b values of acoustic 
emission for both anchorage lengths generally decrease with 
an increase in JRC. This suggests that as the normal stress 
and JRC increase, the proportion of large cracks generated 
during the shear process of joint surface anchoring also 
increases.

By analyzing the evolution of acoustic emission 
characteristic parameters and b values, the differences 
in damage evolution characteristics between the partial 
anchorage and full-length anchorage configurations can be 
effectively revealed. This analysis contributes to a deeper 
understanding of the failure mechanisms of joint surfaces 
under different anchorage lengths and provides essential 
data support for identifying the precursory information of 
joint surface instability in a rational manner. Moreover, it 
has significant practical implications for enhancing rock 
engineering safety and protection, as well as disaster early 
warning systems.

6  Conclusion

This study conducted a series of rock joint shear tests 
under both full-length anchorage and partial anchorage 
configurations, revealing the shear mechanical characteristics 
of anchor joint and evolution pattern of acoustic emission 
features. Besides, the influences of anchorage lengths, 
normal stress, and joint surface roughness, shedding light 
on the shear damage mechanisms of rock joints under 
different anchorage lengths were elucidated. The following 
key conclusions were drawn:

(1) The full-length anchorage demonstrated a quicker 
activation of the “pin effect” and higher peak shear 
stress compared to the partial anchorage. However, the 
fracture shear stress between the full-length anchorage 
and partial anchorage shows less variance, with a 
difference spanning 0.03 to 0.08 MPa.

(2) Bolt deformation was about double in the partial 
anchorage compared to full-length anchorage. Under 
full-length anchorage, increased normal stress or Joint 
Roughness Coefficient (JRC) reduced bolt deformation, 
while in partial anchorage, increased normal stress 
decreased deformation, but higher JRC expanded it.

(3) Analysis of the DDS curves reveals that the full-length 
anchorage reinforces joint shear strength more effec-
tively than the partial anchorage before the full-length 

anchorage bolt fails; but, after the full-length anchor-
age bolt failure, the situation reverses. This suggests 
that the full-length anchorage is suitability for projects 
requiring strict control of surrounding rock deforma-
tion. In contrast, partial anchorage is better for projects 
with lower deformation control needs.

(4) Differences in internal joint damage under each 
anchorage length were evident in the variations of hit 
and energy patterns in acoustic emissions. The full-
length method showed more intense interaction (higher 
hit rate) but less energy release upon bolt failure.

(5) Higher normal stress or JRC led to a decrease in 
acoustic emission b values for both anchorage lengths, 
indicating more significant or faster growing cracks. 
The full-length method generally showed lower b 
values, suggesting greater damage within the bolted 
joints.
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