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1  Introduction

Coal resources are currently the main energy sources 
in China (Han et al. 2015; Si et al. 2019, 2015). As 
an essential part of this field, fully bonded bolting 
method has been widely used in ground geotechnical 
engineering and underground coal mine engineer-
ing (Wang and Wan 2019; Wang et  al. 2020; Shan 
et al. 2019). With the gradual mining of shallow coal 
resources (Zhang et al. 2019; Wang et al. 2018; Miu 
and Qian 2009), deep mining has become an inevi-
table trend of this industry (Zhang et  al. 2020a, b; 
Zhang et al. 2020a, b; Feng et al. 2019). As illustrated 
in Fig. 1, under the action of deep buried high stress, 
the surrounding rock cracks develop and damage seri-
ously, which decreases the bearing capacity and sig-
nificantly increases the deformation sensitivity. As 
a result, the roadway support get more complex and 
prone to large deformation instability, which may 
lead to roof collapse accidents occurring from time 
to time, restricting the safe and efficient production 
of mine (Kang 2014). Scholars have gathered novel 
resources to deal with these severe issues, and pro-
posed the concept of prestressed fully bonded bolting 
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method (Chen et al. 2020; Du et al. 2020; Nie et al. 
2020), in which the analysis of the mechanical prop-
erty is an important part (Meng et  al. 2019; Zhou 
et  al. 2017; Chen et  al. 2018a, b). Even considering 
the complex stress of the fully bonded bolt, the bolt-
ing support design still lacks theoretical basis and 
deserves to be further researched (Li et al. 2019).

Research has been accruing to better understand 
the mechanical characteristics and supporting effi-
ciency mechanism of the fully bonded bolt. Li et al. 
(2016) had conducted a series of pull-out tests of 
fully bonded bolts and concluded that the bond 
strength of the bolt was not a constant, but related to 
the embedment length. The bond strength was line-
arly proportional to the uniaxial compressive strength 
of the grout. Similarly, Yu et al. (2019) analyzed the 
critical rock bolt embedment length at which yielding 
or necking occurs together with the friction coeffi-
cient at the residual axial stress. They have concluded 
that when diameter was held constant, the maximum 
load and corresponding displacement increased as the 
cement mortar strength surged, but the residual load 
was still irregular.

Teymen (2017) investigated the effect of mineral 
admixtures on the grout strength of fully-grouted 
rock bolts and block punch index considering the 
compressive strength of the grout on the load bearing 
capacity. He proposed that mineral admixtures could 
be used for high-strength and low-cost grout in tun-
neling applications. Chen et al. (2017) also conducted 
a number of pull-out tests with a bulbed cable bolt to 
investigate the cylindrical specimen diameter effect 
on the bonding capacity and discovered that the bond-
ing capacity increased linearly with specimen diam-
eter up to 356 mm in the unconfined condition. In the 

same year, Thenevin et al. (2017) conducted a series 
of laboratory pull-out tests using rock bolts and cable 
bolts of different materials, and confirmed the influ-
ence of confining pressure and embedment length on 
the pull-out response. Nie et al. (2018) analyzed the 
performance of the fully grouted rock bolts installed 
in the jointed rock mass and assumed that the rein-
forcement area of the reinforcement rock unit could 
be used to optimize their design. Moreover, they con-
cluded that the reinforcement rock unit induced by 
grouped rock bolts was heavily influenced by the joint 
orientations and the rock bolt spacing.

Chen et  al. (2018a, b) simulated the pull-out 
behavior of a plain cable bolt and a modified cable 
bolt using the commercial numerical code of 
FLAC2D and found that, compared with plain cable 
bolts, modified cable bolts could generate more con-
finement within the rock specimen or confinement 
medium. Zou and Zhang (2019) investigated the 
dynamic evolution characteristic of the bond strength 
at the interface of a bolt and a rock mass under an 
axial tensile load considering the non-uniform stress 
of the surrounding rock along the bolts. By analyzing 
the features of this arrangement, they have proposed a 
new dynamic bond-slip model.

Before these novel studies, Nemcik et  al. (2014) 
have already presented a numerical modelling of fully 
grouted rock bolts loaded in tension by implement-
ing a nonlinear bond–slip relationship of bolt–grout 
interface into a commercial finite difference rock 
mechanics code. Martin et al. (2013) also studied the 
bolt-grout interface of fully grouted rock bolts aim-
ing to determine its constitutive law and proposed a 
semi-empirical formulation of the interface response 
based on the available data. A few years before this 
framework was proposed, Martin et  al. (2011) came 
up with a new analytical approach that could predict 
the mechanical behaviour of fully grouted rock bolts 
subjected to pull-out tests and verified the feasibility 
of this method with experimental results obtained via 
in situ pull-out tests.

Most of the aforementioned studies focus on the 
laboratory pull-out test and numerical analysis calcu-
lation of the fully bonded bolt. The laboratory pull-
out test mainly considers the mechanical character-
istics of the fully bonded bolting system influenced 
by different bolt materials, bolt diameter and anchor-
ing agent materials. Some researchers have studied 
the mechanical properties of the fully bonded bolt 

Fig. 1   Deep buried high stress and large deformation roadway  
(reproduced from literature Yang et al. (2020))
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with varied bond lengths, and achieved preliminary 
results. However, there is still a lack of research on 
the mechanical properties of fully bonded bolt speci-
mens with different bond lengths in the yield stage 
under laboratorial pull-out experiment. This study 
aims to explore the mechanical response characteris-
tics of fully bonded bolting specimens with different 
bond lengths at the yield stage, based on the condi-
tion of pull-out experiments. This study comprises a 
mixed methodology and laboratory experiments and 
theoretical analysis were carried out to reveal the 
mechanical law of the fully bonded bolt in the yield 
stage. The major outcomes presented here provide a 
certain reference for the design of the fully bonded 
supporting scheme.

2 � Materials and Methods

2.1 � Materials

In the first experiment, high-strength seamless steel 
tubes with varied lengths were used to simulate the 
bolt hole (Fig. 2). The inner diameter of the steel tube 
was 30 mm, the outer diameter was 50 mm, and the 
diameter of the bolt was 22  mm. Therefore, there 
was an 8 mm hole between the bolt rod and the inner 

wall of the steel tube to simulate the thickness of the 
anchor ring. After the bolt was inserted into the steel 
tube, the gap between the bolt rod and the inner wall 
of the steel tube was filled with the anchoring agent. 
All the adopted bolts are all left-lateral, rib-free, 
and high-strength bolts, with yield strength and ten-
sile strength of 335 MPa, 490Mpa, respectively. The 
anchoring agent is a kind of prestressed duct grouting 
agent whose particle size is ultra-fine. The fluidity, 
bleeding rate, free expansion rate (24  h), initial set-
ting time, and final setting time of the grouting agent 
used is 20, 1.8–2.0%, 0.18%, 5.6 h, and 16 h, respec-
tively. After mixing with water, the anchoring agent 
had a high fluidity (water cement ratio was 0.32), and 
could easily fill the gap between the bolt and the inner 
wall of the steel tube. The initial setting time of the 
grouting agent was more than 4 h, and the final set-
ting time was less than 24 h. The uniaxial compres-
sive strength of the growing agent was 52.3 MPa and 
the uniaxial tensile strength was 2 MPa (Fig. 3).

In this pull-out test of fully bonded bolt with var-
ied bond lengths, a total of 20 left-handed, rib-free 
and high-strength bolts were prepared along with 20 
high-strength seamless steel tubes. In addition, five 
groups of different schemes were set up and four 
identical specimens were prepared for each group to 
avoid the dispersion of the test. A total of 20 speci-
mens were involved in the experiment. The steel tube 
length, anchor rod length and grouting agent dos-
age used in each group of tests are shown in Table 1. 
However, it is worth noting that the selection of bond 
length in the fully bonded bolt specimen is an essen-
tial part of this experiment. When the bond length is 
too large, it makes it challenging to pull out the speci-
men, so it breaks under pull-out conditions. In order 
to ensure the rationality of the experimental scheme, 
the bond length range of fully bonded specimens used 
in this study is 150–350 mm. These conditions were 
outlined after referring to Li et  al.’s (2016) study 
(100–400 mm).

2.2 � Specimen Preparation and Test Method

The preparation and experimental process of the 
specimen are as follows:

(1)	 First, we inserted the bolt into the bottom of the 
steel tube. At this stage, the exposed length of the 
anchor rod is 150 mm.

Bolt

Acoustic emission sensor

Steel tube

Anchoring agent

Fig. 2   Schematic diagram of fully bonded bolts specimen



4086	 Geotech Geol Eng (2022) 40:4083–4094

1 3
Vol:. (1234567890)

(2)	 Then, the grouting agent with water material ratio 
of 0.32 was mixed evenly and poured into the gap 
between the bolt rod and the steel tube until the 
space of the whole gap is filled. At this stage, the 
exposed section of the bot is 100 mm.

(3)	 After the specimen preparation was completed, 
the grouting agent was kept at room tempera-
ture for 28 days to ensure that the final strength 
of grouting agent can meet the requirements of 
anchorage.

(4)	 After 28 days of curing, the fully bonded speci-
mens were placed on the MTS pull-out testing 
machine (Fig.  4). Acoustic emission technology 
was used to explore the internal failure mecha-
nism of the fully bonded specimen in the fail-
ure process. Two acoustic emission probes were 

installed at a distance of 50 mm from the end of 
the fully bonded specimen to detect the energy 
diffusion of crack propagation during the pull-out 
process. Finally, the pull-out test was carried out. 
The displacement control program of the MTS 
Criterion Model 64 during the pull-out test was 
15 mm/min Feng (2017).

Fig. 3   Test results of 
specimen-grouting material 
strength and test specimen 
failure: a compressive test 
specimen-grouting material. 
b Tensile test specimen-
grouting material
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3 � Results and Analyses

3.1 � Results of Mechanical Properties of Bolt During 
Pull‑out Test

The pullout force–displacement curves of the fully 
bonded bolt specimen are shown in Figs. 5, 6, 7, 8, 9, 
with a total of 20 groups. As illustrated, all the pull-
out mechanical curves of fully bonded bolt specimens 
show three stages. The first stage is the elastic stage 
in which the pull-out force increases linearly with 
the displacement. The second stage is the yield stage 
in which the slope of the curve evidently decreases 
before the peak pull-out force. In this stage, it is easy 
to detect that the displacement increases, while the 
drawing force is slowly surging. The third stage is the 
post-peak stage in which the displacement increases 
rapidly and the pull-out force decreases at the same 
speed and that is when the fully bonded bolt is pulled 
out. As it can be seen in Fig. 5, when the bolt length 
was 300 mm and the steel tube length was 200 mm, 
the bolt showed a trend of an approximately linear 
increase with the pull-out force. When the pulling 
displacement was 14 mm, the pull-out force reached 

the peak. Afterwards, it dropped down with the 
increase of pulling displacement. It should be noted 
that specimen 1, 2, 4 did not go through the yield 
stage. It has been observed that their slope of the 
curve obviously slowed down before the bolt reached 
the peak pull-out force. In contrast, only specimen 3 
experienced the yield stage before reaching the peak 
force point. It can also be concluded from the failure 
photos of specimen 1 that when the bolt was pulled 
out, the grouting agent was also pulled out without 
any damage. Accordingly, it could be concluded that 
there was almost no damage between the anchoring 
agent and the inner wall of the steel tube. At this time, 
the bolt and anchoring agent were entirely pulled out, 
and the pull-out force was hardly transmitted to the 
steel tube itself.

According to Fig.  6, when the bolt length was 
350  mm, the steel tube length was 250  mm, and 
the displacement was 20  mm. Under these circum-
stances, the pull-out force reached its peak. The pull-
out force–displacement curves of the four specimens 
all went through the tensile yield stage before reach-
ing the peak force point. When the displacement was 
between 10 and 20  mm (before reaching the peak), 

Table 1   Experimental 
scheme and specimen 
preparation

ID Length of steel 
tube (mm)

Length of bolt 
(mm)

Length of exposed sec-
tion of bolt (mm)

Volume of grouting 
agent injected (ml)

1 200 300 150 48.99
2
3
4
5 250 350 150 65.32
6
7
8
9 300 400 150 81.65
10
11
12
13 350 450 150 97.98
14
15
16
17 400 500 150 114.31
18
19
20
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the slope of the curve slowed down and showed an 
upper convex type. Besides, the increase of displace-
ment in this stage did not cause a large-scale increase 
on the pull-out force. According to the actual yield 
strength of the bolt, it could be inferred that the dis-
placement growth in this stage was mainly caused by 
two features: (1) the plastic elongation of the bolt; (2) 
a small part of the interface debonding near the pull-
out end of the bolt. The debonding here refers to the 
interface between the anchoring agent and the inner 
wall of the steel tube, which could be seen in Fig. 5. 

As illustrated, the anchoring agent was pulled out 
without damage.

According to Fig.  7, when the bolt length was 
400  mm, the steel tube length was 300  mm, and 
the displacement was 35 mm. Under these circum-
stances, the pull-out force reached the peak force 
point of 275 kN. Furthermore, all of the four speci-
mens went through a more obvious tensile yield 
stage before reaching the peak. It should be noted 
that from the initial yield stage to the peak force, 
the displacement ranged between 10 and 35  mm, 

Fig. 4   Rendering picture 
for test equipment: a 
schematic sketch of MTS 
Criterion 64. b For MTS 
Criterion Model 64 testing 
machine. c Experimental 
system diagram. (repro-
duced from Feng et al. 
(2018))
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and the four curves were quite consistent, almost 
without discreteness. From the failure photos of 
specimen 4, it can be seen that the grouting agent 
has been damaged, mainly due to the longer yield 

stage caused by the increase of the bond length. 
With a longer yield stage, the grouting agent expe-
rienced stronger put-out force, which makes it more 
prone to be damaged.

Fig. 5   Pull-out test results 
of the fully bonded bolts 
specimen. The length of 
steel tube was 200 mm, the 
length of bolt was 300 mm, 
the bond length was 
200 mm, and the exposed 
length of bolt was 100 mm. 
The detected AE energy 
specimen was the energy 
evolution law of specimen 1
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According to Fig.  8, when the bolt length was 
450  mm, the steel tube length was 350  mm, and 
the displacement was 39 mm. Under these circum-
stances, the pull-out force reached the peak force 
point of 280kN. Moreover, from the initial yield 
stage to the peak force, the displacement ranged 
between 10 and 35  mm. The grouting agent was 
also damaged after the bolt was pulled out.

According to Fig.  9, when the bolt length was 
500  mm, the steel tube length was 400  mm, and 
the displacement was 44 mm. Under these circum-
stances, the pulling force reached the peak force. 
Among the four specimens, the displacement cor-
responding to the peak force of specimen 1 reached 
50 mm, which further verified that the yield stage 
became longer with the increase of the fully bond 
length.

3.2 � Results of Acoustic Emission Energy Events 
During Pull‑out Test

Figures 5, 6, 7, 8, 9 show that there is a positive cor-
relation between the amount of energy in the linear 
growth stage of AE events and the bond length of 
the fully bonded bolts. This means that the longer 
the bond length was, the more energy events would 
occur at the initial stage of the bolt when bearing the 
pull-out force. The pull-out force also had a directly 
proportional correlation with the energy peak force 
point. Under the condition of same pull-out displace-
ment and increased bond length, the mutual shear 
lag between the bond interface would undertake a 
stronger adjustment effect, causing the increased 
energy events detected by AE, and increased energy 
values. During the yield stage, the energy events of 

Fig. 8   Pull-out test results 
of the fully bonded bolts 
specimen. The length of 
steel tube was 350 mm, the 
length of bolt was 450 mm, 
the bond length was 
350 mm, and the exposed 
length of bolt was 100 mm, 
the detected AE energy 
specimen was the energy 
evolution law of specimen 4
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five figures were relatively small as a result of the 
elongation effect of the bolt when submitted to a 
larger pull-out force.

4 � Discussion

Our experiments have pointed out some interesting 
rules and phenomena. According to the test results of 
20 groups of fully bonded bolting specimens, when 
their bond length ratio is small (Fig. 5), the bolts’ pull-
out force go through a very short yield stage before 
reaching the peak value. Besides, the bolt is quickly 
pulled out after the elastic pull-out stage rather than 
gradually pulled out. With the increase of the bond 
length (Figs. 6, 7, 8, 9), the pull-out force of the bolt 
goes through a longer yield stage before the peak 
force point. This is also the stage in which the slope 
of the curve before the peak pull-out force is signifi-
cantly slowed down. That is, the time and the pull-
out displacement increase as the bond length surges 
in the yield stage (Fig. 10), and the bolt is gradually 
pulled out under the action of the pull-out force. The 
reason behind this phenomenon is that when the fully 
bonded specimen is under the same pull-out force, 
the bond length of the fully bonded specimen widens, 

leading to greater axial shear reaction generated at 
the anchorage interface in the stress yield stage, and 
more anchorage interface with the sudden debond of 
the anchorage specimen. This correlation results in a 
longer time of stress yield. With the increase of the 
fully bonded length, more energy events are likely to 
occur at the initial stage of the pull-out force, which 
also affects the energy peak. Under the condition of 
the same pull-out displacement of the anchor bolt, a 
stronger mutual shear lag adjustment effect between 
the bonding interface of the anchorage specimen with 
longer bond length, would lead to more energy events 
detected by acoustic emission, also increasing the 
energy value.

It is worth noting that after experiencing the peak 
pull-out force, the pull-out force value fluctuates. 
This is because the failure mode of the anchoring 
interface is progressive sliding during the pull-
ing process of the anchor bolt. With the increase 
of bond length, more anchorage interfaces can be 
used to balance the pulling force. Due to the rela-
tionship between the force and reaction force, the 
pull-out force tends to be higher. The slope of the 
elastic growth part of the experimental curve of the 
fully bonded specimen remains the same, but the 
bond length varies because in the early stage of the 

Fig. 10   Pull-out test results 
of the fully bonded bolts 
specimen with varied bond 
length. (Each specimen 
in the figure is taken from 
the experimental results of 
the specimen with smaller 
dispersion in each group.)
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pull-out test (linear growth stage) the stressed part 
of the fully bonded bolting specimen is the exposed 
end of the bolt. So, this phenomenon is explained 
by the unaltered exposed length of the bolt in all 
fully bonded bolting specimens.

Li et al. (2016) studied the critical bond length of 
fully bonded bolts under different water cement ratio 
and found that the critical embedded length of anchor 
bolts is about 36 cm when the water cement ratio is 
0.50 (corresponding grouting uniaxial compressive 
strength (UCS) is 28 MPa), a featured that is related 
to the embedded length. In this paper, the water 
cement ratio of specific ultra-fine cement used is 0.32 
(UCS is 52.3  MPa). We have conducted a similar 
experiment and uncovered that when the bond length 
of the bolt exceeds 400 mm, it does not break, which 
may be due to the different bond ability between 
the grouting bond material and the steel pipe. Yu 
et  al. (2019) studied the influence of bolt diameter 
on the mechanical properties of fully bonded speci-
mens under the same cement mortar strength, but 
ignored the influence of anchorage bond length from 
the beginning to the end of the yield stage and also 
did not consider the progressive failure process of 
anchorage specimens. We consider that our results fill 
this literature gap since we carefully emphasized the 
pull-out mechanical properties of fully-bonded bolts 
during the whole yield stage under different condi-
tions, e.g., same water cement ratio grouting bond 
material, bolt diameter, steel pipe diameter, steel pipe 
inner diameter, and bond lengths.

Our findings may provide guidance for the poten-
tial failure of bolt anchorage systems. Høien et  al. 
(2021) proposed that there are three kinds of pull-out 
forms involved in pull-out tests: (1) pull-out below the 
yield strength of the bolt steel; (2) pull-out between 
the yield and ultimate loads, that is, during strain 
hardening of the steel; (3) steel failure at the ultimate 
load. We have identified that twenty different groups 
of bolts will produce corresponding yield deforma-
tion after the drawing process, which directly impacts 
our experimental results. Our research focused on 
the influence of different fully bond strengths on the 
mechanical properties of the anchorage system in 
the yield stage, but we recognized that there’s still a 
lack of understanding regarding the influence of the 
bolt yield deformation on the experimental results 
(Fig. 10).

5 � Conclusions

This study aimed to explore the mechanical response 
characteristics of the fully bonded bolts with varied 
bond lengths at the yield stage via a pull-out experi-
ment. The research was carried out with a mixed 
methodology that comprised laboratory experi-
ments and a theoretical analysis that could reveal the 
mechanical law of the fully bonded bolts in the yield 
stage. The major outcomes of this research led to the 
following conclusions:

In the pull-out test of the fully bonded bolt, the 
mechanical properties of varied bolt lengths in the 
yield stage varied greatly. When the bond length is 
short, the pull-out force of the bolt undergoes a short 
stress yield stage before reaching the peak force. In 
other words, the fully bonded system quickly reaches 
the post-peak pull-out stage after going through 
the elastic pull-out stage. When the bond length 
increases, the pull-out force of bolt undergoes a 
longer yield stage as a result of a larger stress anchor-
age interface. Both the time of yield stage and cor-
responding pull-out displacement get enlarged, which 
helps avoiding the premature pull-out of the bolt from 
causing fully bonded system failure. This conclu-
sion provides a reference for the length selection of 
fully bonded bolts. That is, when designing the fully 
bonded support scheme, the length of the bolt (or the 
length of fully bonded bolts) should be appropriately 
increased in order to avoid premature debonding fail-
ure of bolt under axial tensile force.

It is noteworthy that this experiment only consid-
ers the axial pull-out of the fully bonded bolting spec-
imen, and does not consider the lateral stress fluctua-
tion, which is worthy of attention for future studies.
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