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Understanding the mechanism of progressive debonding of bolts is of great significance for underground
safety. In this paper, both laboratory experiment and numerical simulation of the pull-out tests were per-
formed. The experimental pull-out test specimens were prepared using cement mortar material, and a
relationship between the pull-out strength of the bolt and the uniaxial compressive strength (UCS) of
cement mortar material specimen was established. The locations of crack developed in the pull-out pro-
cess were identified using the acoustic emission (AE) technique. The pull-out test was reproduced using
2D Particle Flow Code (PFC2D) with calibrated parameters. The experimental results show that the axial
displacement of the cement mortar material at the peak load during the test was approximately 5 mm for
cement-based grout of all strength. In contrast, the peak load of the bolt increased with the UCS of the
confining medium. Under peak load, cracks propagated to less than one half of the anchorage length, indi-
cating a lag between crack propagation and axial bolt load transmission. The simulation results show that
the dilatation between the bolt and the rock induced cracks and extended the force field along the
anchorage direction; and, it was identified as the major contributing factor for the pull-out failure of rock
bolt.
� 2021 Published by Elsevier B.V. on behalf of China University of Mining & Technology. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction the bolt, obtaining the function distribution of the shear stress
For slope, mining, tunnel and other geological engineering,
timely support is required since the start of the excavation, as it
is crucial to ensure long-term stability [1–3]. At present, rock bolt
is commonly used in supporting system for it is simple in operation
and cheap in cost [4]. The bolt support, however, fails under long
duration of external loads or among fragile geological conditions.
The mechanism underneath the failure of bolt support is not clear,
which poses dangers to the project and personnel [5,6]. Therefore,
it is pivotal to study the physics, i.e., the bolt-rock interaction, dur-
ing the failure process of the bolt support.

The mechanical properties of bolt support have been exten-
sively studied. Experimental researches on this topic can be
roughly summarized into three groups based on their research
objects. The first group focuses on the stress distribution along
and deriving the corresponding calculation theories or models
[7–11]. The second group studies the effect of bolt size or grout
property on anchorage strength, i.e., by investigating the bolt
diameter, length [12,13] as well as the grout length, diameter
and strength [14–16]. The third group mainly studies the anchor-
ing effect of bolt. The bolt support effects were investigated by
changing bolt preload [17,18], loading rate [19,20], confining pres-
sure [21] and support density [22,23]. The above research is of
great significance for understanding the supporting effect of bolt,
but is limited on bolt under normal supporting state, which makes
it difficult to reveal the meso-mechanism of bolt support failure.
Therefore, it is necessary to study the progressive debonding pro-
cess of bolt. Due to the fact that the bolt is the hidden member
deep into the rock mass [24], the debonding failure process of
the bolt is very difficult to capture directly by experimental meth-
ods [25]. Some researchers noticed this problem and turned to
solve it with numerical simulation [26–30]. The finite element
method was widely used for this specific problem [31–33], but
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Fig. 1. Pouring and curing of pulling specimens.
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with an over-simplified bolt-rock interface. In particular, the phys-
ical existence of bolt ribs was often ignored [31,33], and the
mechanical action of the bolt-rock interface was simply character-
ized by assigned parameters, which fails in fully revealing the
mechanism of bolt-rock interaction. Moreover, bolt support is
greatly affected by the properties of rock mass [34], but the current
research on bolt-rock interaction rarely accounts for the influence
of rock mass properties (such as strength). The goal of this research
is to reveal the bolt-rock meso-interaction considering the physical
existence of bolt ribs and the influence of rock strength.

To this end, both indoor experiment and numerical simulation
were performed. Cement mortar material with good homogeneity
was used to pour the bolt pull-out specimens to be used in the
experiment. The corresponding relationship between the bolt
pull-out strength and the Uniaxial Compressive Strength (UCS) of
cement mortar material specimen is established based on test
results. Next, a pull-out model using the two dimensional Particle
Flow Code (PFC2D) was set-up with parameters calibrated using the
experimental results. Both experimental and simulated bolt pull-
out failure processes were analyzed to reveal the bolt-rock meso-
interaction during the bolt pull-out failure process.
Fig. 2. Hoisting of test specimens as well as fixed points and the adhesive
installation of the AE receivers.
2. Pull-out experiment of rock bolt

2.1. Selection of parameters

Preliminary experiments were carried out to test the feasibility
of the proposed method. Parameters including the dimension of
the test samples, the grout quality, anchorage length, displacement
rate and number of test samples were finalized.

The cement-based samples were chosen considering the homo-
geneity characteristics of such material. Under normal circum-
stances, the strength of cement mortar specimens will increase
to about 80% of the standard strength after 12 days curing. To
introduce variation in the strength, the bolt pull specimens of dif-
ferent curing time were prepared, i.e., with 1, 3, 5, 7 and 12 days
curing. In addition, appropriate aggregate ratios of the test samples
should be chosen to easily distinguish the axial load carrying
capacity under different testing conditions with varying curing
time. After many trials, the M25 cement mortar was finally
adopted, and the corresponding ratio between 425 cement: med-
ium sand: water is 1:4.03:0.75. Anchorage length of 25 cm for
the grouted rock bolt was chosen to ensure the stability of the rock
bolt during the full displacement of the rock bolt. To mitigate the
size effect, preliminary tests on samples with various dimensions
were conducted to determine the minimum thickness of the con-
fining medium, which is 35 cm. The confining medium was casted
to a dimension of 30 cm in height and 40 cm in length and width. A
0.005 mm/s displacement rate was set to provide a static loading
environment. In total, 10 test samples were casted under 5 differ-
ent grout curing time, each with 2 replication tests.

2.2. Test sample preparation

The test samples with parameters determined in the prelimi-
nary tests were casted, as shown in Fig. 1. The rock bolt was placed
in the center of the test sample. The materials for casting samples
were carefullymixed. Finally, the casted test sampleswere polished
and then kept in a high moisture condition for various curing time.

2.3. AE receiver installation

All cured samples were hoisted onto a platform for installation
of AE receivers (see Fig. 2a). The DS5 AE receivers were attached
onto the test samples using silicon glue, as shown in Fig. 2b and c.
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The locations of eight AE receivers are illustrated in Fig. 3.
Although the x and z coordinates of the center point of the AE recei-
vers in Fig. 3 cannot cover the entire model (the x coordinate is 0.5
or 29.5 cm, and the z coordinate is �19.5 or 19.5 cm), it does not
prevent the measurement of the AE sources inside the entire
specimen.
2.4. Pull-out test

The pull-out test facility included a loading frame, a console,
and an AE detection equipment (see Fig. 4a). The loading end of
the rock bolt was fixed with the anchor lock (see Fig. 4b). A con-
stant displacement rate of 0.005 mm/s was utilized in the loading
process. The rock bolt was pulled up to 20 mm displacement lead-
ing to approximately one hour total test duration. The AE sampling
frequency was set to 5 MHz, and the trigger gate value was 100 mV
for all eight channels.
3. Experimental results and analysis

3.1. Load-displacement curves of the specimens under different curing
times

The load–displacement curves of the pull-out tests of test sam-
ples with different curing periods are shown in Fig. 5. It can be seen



Fig. 3. Schematic diagram of the AE receiver locations.
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that the replicated test results are consistent with one another.
Both the peak load carrying capacity and the initial stiffness (i.e.,
the slope of the load–displacement curve before the peak) increase
with the curing time. In contrast, the axial displacement at the
peak load carrying capacity is approximately 5 mm, which is half
of the rib space of the rock bolt, regardless of curing time. Interest-
ingly, a second peak above the axial load emerges during the resid-
ual level only for samples cured for less than 5 days. This
discrepancy in the observations might be associated with the com-
bined effect of the axial bolt load and the shear action between the
bolt rib and the surrounding cement mortar.

The fluctuation in the axial loading may be attributed to the
10 mm space in between ribs in the rock bolt. It can be also seen
that the second peak above the axial load always occurred after
10 mm axial displacement, as shown in Fig. 5. A highly likely expla-
nation is that a 10 mm rib space leads to approximately 10 mm
cyclic displacement. In other words, for every successive 10 mm
axial displacement, the axial load of the rock bolt increases to
Fig. 4. System for bolt p
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the peak values and is followed by a reduction (see Fig. 5a-c). How-
ever, such behavior of the rock bolt is less phenomenal for stronger
test samples with longer curing time (see Fig. 5d-e).

Therefore, the curing time of the test sample has a significant
influence on the performance of the rock bolt under axial loading.
The selection of representative test samples for the numerical sim-
ulations followed this guidance.

3.2. Influence of test sample strength

The influence of the test sample strength on the performance of
the rock bolt under axial loading was investigated in this section.
The material used for the test samples were casted according to
the International Society for Rock Mechanics (ISRM) standard for
UCS test using the mould shown in Fig. 6 which has a diameter
of 50 mm and length of 100 mm. The cylindrical samples were
cured with various time frame ranging from 1 day to 12 days in
consistent with the pull-out tests. The prepared samples were
tested following the ISRM UCS testing procedures (see Fig. 7).

The relationship between the bearing capacity of the bolt and
the UCS of the test sample is present in Fig. 8. It can be seen that
the peak load carrying capacity of the bolt increases approximately
linearly with the UCS of the test sample indicating that the
strength of the rockmass in the field will have a significant effect
on the support capacity of the rock bolt. As such, for weaker under-
ground rockmass, more rock bolts or more competent alternative
ground support approaches should be implemented.

3.3. AE crack positioning

3.3.1. AE time-difference positioning algorithm (Geiger algorithm
based on the least square method)

P wave has fast propagation speed and the identification of its
first arrival time is easy. Owing to these properties, P wave is
widely used in AE crack positioning. The current often used AE
crack positioning methods include the simplex algorithm, the least
square method (LSM) and the Geiger algorithm. Among these
methods, the Geiger algorithm [37–39] based on the LSM has bet-
ter positioning effect and was used in this paper. The position iden-
tifying process using this algorithm can be described as: (1)
approximating the initial solution of the algorithm; (2) using the
LSM to calculate the correction value; (3) adding the correction
ull-out experiment.



Fig. 6. Standard specimen mould and its composition [35–37].

Fig. 5. The load–displacement curves of the pull-out specimens.

Fig. 7. Uniaxial compression test of standard specimen.
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Fig. 8. Relation between peak load of bolt and UCS of standard specimens.
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value to the initial solution to form a new optimal solution; (4)
bringing the optimal solution into the objective function and calcu-
lating the error. This process should be repeated until the error is
less than a defined accuracy. A global optimal solution is obtained
at the end of the iteration. The objective function (fmin, also called
the time error function) is as following,

fmin ¼
Xn
i¼1

x� xið Þ2 þ y� yið Þ2 þ z� zið Þ2
h i1=2

=vp � ti � t0ð Þ
� �2

ð1Þ
where n is the number of AE receivers; (x, y, z) and (xi, yi, zi)repre-
sent the coordinates of the AE source and the i-th AE receiver,
respectively; vp = 2910 m/s denotes the velocity of P wave and is
determined by lead-break test; t0 and ti represent the time when
the AE occurred and the time when the P wave propagated to the
position of the i-th AE receiver, respectively.

The schematic diagram of the AE positioning is shown in Fig. 9.
The positional relationship between the i-th receiver and the AE
source can be expressed by the following formula:

x� xið Þ2 þ y� yið Þ2 þ z� zið Þ2
h i1=2
¼ vp ti � t0ð Þ; i ¼ 1;2; � � � ; nð Þ ð2Þ
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Fig. 9. Schematic diagram of AE crack positioning.
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Taylor expansion of Eq. (2) leads to:
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@t0

i
@x Dxþ

@t0
i

@y Dyþ
@t0

i
@z Dzþ 1

2!
@t0

i
@x Dxþ

@t0
i

@y Dyþ
@t0

i
@z Dz

� �2

þ 1
n!

@t0
i

@x Dxþ
@t0

i
@y Dyþ

@t0
i

@z Dz
� �2

ð3Þ

with t0i being the elapsed time from the AE source to the i-th recei-
ver. Within the allowable error range, the higher-order terms
(second-order and over) of Eq. (2) can be safely neglected. As a
result, Eq. (3) is simplified as:

ti ¼ t0 þ t00i þ
@t0i
@x

Dxþ @t0i
@y

Dyþ @t0i
@z

Dz ð4Þ

Set the auxiliary variable R to be:

R ¼ x� xið Þ2 þ y� yið Þ2 þ z� zið Þ2
h i1=2

ð5Þ

According to Eqs. (4) and (5), the following formula can be
obtained:

@t0i
@x

¼ xi � x
vpR

@t0i
@y

¼ yi � y
vpR

@t0i
@z

¼ zi � z
vpR

8>>>>>>><
>>>>>>>:

ð6Þ

n receivers satisfying Eq. (4) leads to the following relation:

ADh ¼ B ð7Þ
where Dh is the correction value, and

A ¼
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..

. ..
. ..

. ..
.
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@t0n
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@t0n
@z

2
666664

3
777775
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Dt
Dx
Dy
Dz

2
664

3
775;B ¼

t1 � t0
t2 � t0
..
.

tn � t0

2
6664

3
7775

Solving Eq. (7) using the LSM leads to:

Dh ¼ ATA
� ��1

ATB ð8Þ

The initial solution of the Geiger algorithm needs to be deter-
mined to start the iteration.

Firstly, the AE source should be located using LSM to ensure
that the initial solution of the Geiger algorithm is within the con-
vergence region [38,39].
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Combining the number of receivers n and Eq. (2), the Eq. (9) can
be established as following:

x� xið Þ2 þ y� yið Þ2 þ z� zið Þ2
h i1=2
¼ vp ti � t0ð Þ; i ¼ 1;2; � � � ;nð Þ ð9Þ
Setting one of the equations as the elimination term and sub-

tracting the elimination terms from the remaining terms, Eq. (9)
can be simplified as:

mixþ hiyþ lizþ f it ¼ gi; i ¼ 1;2; � � � ;n� 1ð Þ ð10Þ
The matrix form of Eq. (10) is as following:

CX ¼ D ð11Þ
where,

C ¼

m1 h1 l1 f 1
m2 h2 l2 f 2

..

. ..
. ..

. ..
.

mn�1 hn�1 ln�1 f n�1

2
66664

3
77775;X ¼

x

y

z

t

2
6664

3
7775;D ¼

g1

g2

..

.

gn�1

2
66664

3
77775

Solving the Eq. (11) using the LSM gives the initial solution of
the Geiger algorithm X , i.e.,

X ¼ CTC
� ��1

CTD ð12Þ
3.3.2. Results and analysis of AE crack positioning
The processing results of the positioning waveform signal show

that when the curing time of the specimen is less than 5 days, the
energy of acoustic emission signal generated by the debonding fail-
ure of the bolt is low due to the low strength of the specimen. Espe-
cially in the middle part of the specimen, the hydration reaction
degree of the corresponding cement mortar is lower than that at
the boundary of the specimen, leading to a bad positioning effect.
The specimen D5-1 corresponding to the curing time of 5 days is
selected for illustration.

Screening of the AE location crack. The AE signal was processed
according to the positioning algorithm described in Section 3.3.1.
Although the signal trigger threshold is set, there is inevitably a
lot of noise in the positioning results. According to the introduction
in Section 2.1, the anchoring length � diameter of the bolt is
250 mm � 22 mm. Since the debonding process of the bolt body
is only along the interface of the bolt, the crack distribution
obtained by positioning detection should be in the cylindrical
shape of length � diameter = 250 mm � 22 mm under ideal cir-
cumstances. In order to eliminate noise interference as much as
possible, only cracks distributed in the intervals of �4
cm < y less than 4 cm, �4 cm < z less than 4 cm and
0 cm < x less than 27 cm and trigger energy greater than 0.3 are
retained. After the above screening treatment, the crack distribu-
tion corresponding to the final failure of specimen D5-1 is shown
in Fig. 10, in which the cracks (signal source) are represented by
small balls with the radius representing the normalized energy
(indicated by the duration of the signal’s trigger time) of the signal
source [40–42]. Colors indicate the distance of the AE sources from
the central axis of the bolt (i.e., Y = Z = 0 cm) with warmer color for
further distance.

Crack propagation under different loads. In order to analyze the
crack propagation of the specimen D5-1, a total of 5 load points
are selected (load points shown in Fig. 5c). Load points, a, c and e
represent the initial load point, peak load point and residual load
point, respectively, and point d represents the post-peak load point



Fig. 10. Distribution of positioning cracks corresponding to the final failure of
specimen D5-1 after screening.

 
(a) Point a 

 
(b) Point b 

 
(c) Point c 

Fig. 11. Crack propagation process of specimen D5-1 under different load levels.
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adjacent to load point c. The distribution of cracks at all load points
are shown in Fig. 11.

The crack gradually expands along the anchoring direction, with
bond failure occurring at the bolt-cement mortar interface (Figs. 10
and 11). The debonding length grows with increasing load at a
slow (fast) rate before (after) the peak load. With increasing load,
the crack expands, which diminishes the cohesion of the bolt inter-
face, weakens the strength of cement mortar, and shortens the
effective anchoring length. Once the anchoring force provided by
the effective anchoring length no longer balances the tension of
the bolt body, an integral decoupling and debonding of the bolt
from rock occurs. In addition, the initial crack of specimen D5-1
was close to the model boundary (X = 0 cm), and in the post-
peak stage, the crack distribution was relatively uniform along
the anchor section. The following is a detailed analysis of the crack
growth of specimen D5-1 under different load levels.

The initial crack occurred when the load was about 32.74 kN at
the junction of the exposed section of the bolt and the cement mor-
tar material (see Fig. 11a). Tensile deformation emerges as the bolt
section was subjected to the load, which led to local relative dis-
placement between the bolt and the surrounding rock and caused
the shear failure to firstly occur in this part.

With increasing pull-out load, the local relative displacement
between the bolt and surrounding rock gradually increased, which
in turn led to the expansion of the debonding length. In addition,
the number of cracks decreased from the boundary to the inside
of the specimen, as shown in Fig. 11a–c.

Under peak load (see Fig. 11c), cracks penetrated along the bolt
body with relatively uniform distribution. A large number of cracks
were at the end of the bolt, indicating that the bolt had moved as a
whole.

In the afterward stage of the peak load, the failure rate of the
anchorage structure increased. Under the action of small loading
displacements, the axial load of the bolt decreased rapidly (see
Fig. 5c). The entire anchorage section and the rock mass were split
apart, which further destroyed the surrounding rock under the
shearing effect of the bolt ribs, as indicated by the large debonding
length in Fig. 11d.

When the specimen was loaded at point e, the displacement of
the bolt was more than 10 mm, which is the distance of the rib
spacing. The cracks have been evenly distributed along the bolt
(see Fig. 11e). In the subsequent loading process, the number of
cracks increased from 3710 to 4434, but the crack distribution pat-
tern stays similar, as shown in Fig. 10.
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4. Simulation study of the bolt pulling failure process

Particle flow code (PFC2D) can effectively simulate the failure of
geotechnical materials and the corresponding crack propagation
process [43,44], and is widely applied in solving geotechnical prob-
lems [13]. It was used in this part to simulate the pulling failure
process of rock bolt.

According to the Section 3.3.2, the failure process of specimens
under different curing times has small difference. To conduct a
more detailed analysis of the pulling failure process in a limited



(d) Point d

(e) Point e

Fig. 11 (continued)
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layout, the model corresponding to the specimens D5-1 and D5-2
was analyzed below.

4.1. Particle bonding model

PFC2D characterizes geotechnical media as particles with bonds
in between. The disk particle in PFC2D of unit thickness is rigid with
normal and tangential stiffness [48–50]; the bonds suitable for the
simulation of geotechnical materials mainly includes the contact
bond and the parallel bond (see Fig. 12). Contact bond can reflect
the normal and tangential action, but it cannot reflect the moment
between particles (see Fig. 12a). Parallel bond can be viewed as a
set of springs distributed in a rectangular area centered on the con-
tact point (see Fig. 12b), which transmits both the force and the
moment. The contact bond and parallel bond can characterize all
the interactions between the particles inside the samples, includ-
ing the tension, compression, shear, moment and their combined
effects. The bonded-particle model (BPM) containing above two
bonds was thus used in this study.

4.2. Establishment of calculation model

The numerical model with specimen of actual size and loading
method of the testing machine was established using Fish pro-
gram, as shown in Fig. 13. The synthetic cement mortar material
created in PFC2D is consistent with that of the actual test sample.
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The cement mortar was divided into two groups, i.e. the cement
mortar group 1 (particle radius ranges from 0.4 to 0.7 mm) within
5 cm from the bolt axial and the cement mortar group 2 (particle
radius ranges from 0.8 to 2 mm) within 5 cm away from the bolt
axial, as shown in Fig. 13. For the rock bolt, the exposed length
was shortened to 8 cm to simplify the model. The bolt rib spacing
and width were set as 10 and 2 mm, respectively.

At the exposed end of the rock bolt, walls were used to apply
displacement constraints (see the constraint wall Fig. 13); the
loading control method and rate are consistent with that of the
experiment (see the loading wall in Fig. 13).

4.3. Determination of simulation parameters

The model’s parameters were calibrated by reproducing the
load–displacement curves of the actual specimens. In this process,
the ‘‘trial and error method” [48,51–53] was used to adjust the
micro-parameters. The simulated curves were consistent with
the experimental results (see Fig. 14). The microscopic parameters
of the simulated model (see Table 1) are considered to well repre-
sent the mechanical properties of the experimental specimen.

4.4. Simulation results and analysis

To analyze the meso-mechanism of the pulling failure process,
the crack distribution, the interaction between bolt and cement
mortar material as well as the force field under different loads
were investigated, as shown in Figs. 15-17. The selected represen-
tative load points were marked in Fig. 14, where points a, c, and f
denote the initiation load, peak load and residual load of the crack,
respectively. It should be noted that the simulated initial crack
dimension is different from the actual crack. This is because that
the crack inside the PFC2D model, as segment element only repre-
senting the breakage of the bond between two adjacent particles, is
much smaller than the real crack in terms of scale. Recent studies
defined the initial crack load as the load under which the number
of cracks reaches one tenth of that of the peak load [48,54–56]. In
Fig. 14, the number of cracks at load point a is 16, which is the clos-
est to one tenth of that (176 cracks) at peak load point c, so the
point a is set as the initial crack load. In addition, point b is the load
point between the load points a and c, and points d and e are the
load points between load points c and f. Note that the loading dis-
placement of the bolt corresponding to load point e is about 10 mm
(see Fig. 14).

4.4.1. Analysis of crack propagation during pulling failure
The simulated crack growth of the specimen under different

pull-out loads were present in Fig. 15. It can be seen that the crack
first occurred at the interface of the exposed section of the bolt and
the cement mortar material (see Fig. 15a), which is agreed with the
crack location of the AE experiment (as shown in Fig. 11a). As the
load increases, the cracks gradually expanded inward along the
anchorage direction, as indicated by the red arrow in Fig. 15b.

Under peak load (point c), the crack expanded to roughly one
third the anchorage length, and some tensile cracks emerged at
the end of the anchorage section (see the ellipse box in Fig. 15c).
This indicates that the bolt began to undergo an overall displace-
ment under this load. It can be seen from Fig. 14 that the loading
displacement of the bolt under peak load had been over 5 mm,
so the tensile deformation of the bolt and the compressive defor-
mation of the cement mortar along the anchoring direction
together offset the impact of loading on the bolt-cement mortar
contact at the end of the bolt.

In the post-peak load stage, i.e., under load points d, e and f, the
cracks rapidly expanded along the interface between the bolt and



Fig. 12. Cohesive model and its micro-mechanical behavior schematic diagram
[45–47].
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cement mortar material and penetrated toward the end of the
anchorage, as shown in Fig. 15d and e. In particular, the crack
under load point e propagated to the end of the anchorage section
and connected with the tensile cracks, along with a significant
reduction in the anchorage load (see Fig. 14). At this stage, the
Fig. 13. Calcula
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overall displacement of the bolt became apparent, and the move-
ment of the bolt left significant space at the end of the anchorage
section (see the ellipse box in Fig. 15e).

During the loading process from point e to f, the cement mortar
material continued to move to the right under the action of the
loading plate, and the space rightward the bolt gradually became
larger, as shown in Fig. 15f. Since the overall relative slip between
the bolt and the cement mortar material occurred at point e, there-
fore, the crack distribution did not change significantly during the
loading process from point e to f (see Fig. 15f), which is consistent
with the results of AE experiment (see Figs. 10 and 11).
4.4.2. Analysis of the interaction between the bolt and cement mortar
material

The joint of bolt and cement mortar (denoted by the yellow
rectangular box in Fig. 13) was investigated to study the debonding
failure process of the bolt. The interaction between the bolt and
cement mortar under different loads was shown in Fig. 16. There
are 4 bolt ribs contained in the study area; and the cement mortar
continuously moves to the right with increasing loading
displacement.

Under load point a, the cement mortar left of the bolt rib 1
moved upward due to the dilatancy between the bolt and the
cement mortar material (denoted by the red arrows in Fig. 16a).
This resulted in the separation of the bolt and cement mortar
and the generation of tensile cracks (see the oval box in Fig. 16a).
Under load point b, the cement mortar and bolt separated in the
entire study area, with a few free particles between the bolt body
and cement mortar. Moreover, the upward movement distance of
the cement mortar reached the height of the bolt rib (1.4 mm),
as shown in Fig. 16b.

When loading to the peak load point c, the bolt ribs moved a
certain distance on the cement mortar platforms, as shown in
Fig. 16c. The loading displacement reached 5 mm, which is half
of the initial bolt rib spacing. However, the location of each bolt
rib was not in the center of the corresponding rock platform. This
is because the end of the bolt was still attached to the cement mor-
tar. The combined effect of compress deformation of cement mor-
tar and stretch deformation of the bolt led to the relative
movement between the bolt rib and rock platform to be less than
tion model.



Fig. 14. Comparison of simulation curve and experimental curve (T = 5 days).

Table 1
Mesoscopic parameters of the numerical model (T = 5 days).

Parameters Value

Cement mortar Bolt

Density (kg.m�3) 2700 8000
Porosity 0.15 0.10
Contact bond modulus (MPa) 9 100
Contact bond stiffness ratio 0.45 10
Friction coefficient 0.22 1
Parallel bond tensile strength (MPa) 0.45 235
Parallel bond cohesion (MPa) 0.7 170
Parallel bond friction angle (�) 14 60
Parallel bond modulus (MPa) 9 100
Parallel bond stiffness ratio 0.45 10

 
(a) Point a 

 
(b) Point b 

 
(c) Point c 

 
(b)  Point d 

 
(e) Point e 

 
(f) Point f 

Fig. 15. Crack propagation of specimen under different load levels (T = 5 days) (Blue
and red lines respectively represent tensile cracks and shear cracks).
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5 mm (see the Fig. 15c). Bolt ribs 2 and 3 caused less damage to the
platform than that of rib 4 (see the oval box in Fig. 16c). The inter-
action between the bolt and the cement mortar corresponding to
the load point d is similar to that of the load point c. In addition,
the rib 4 pushes the free particles located left of it to move left-
ward, as shown by oval box and arrow in Fig. 16d.

When the load displacement reached 10 mm (corresponding to
load point e), the bolt rib 2, 3 and 4 appeared at roughly the posi-
tions (relative to the rock platform) of the original bolt rib 1, 2 and
3, respectively (see the Fig. 16e). This is because the right end of
the bolt detached from the cement mortar and an overall displace-
ment of the bolt occurred. Moreover, compared with the load point
d, the axial bolt load at point e was much lower (see Figs.
14 and 15d).

Under the load point f, the bolt rib 1 was completely exposed as
a result of the movement of the cement mortar (see rib 1 in
Fig. 16f). The cement mortar near the bolt has been sheared and
broken leading to a large number of free particles between the bolt
and the cement mortar, as denoted by the oval box in Fig. 16f.

Overall, it can be seen from Fig. 16 that the dilatancy separa-
tion process between the bolt and the cement mortar corresponds
to the process of crack propagation, that is to say, the dilatancy
effect is the cause of the pulling failure of the bolt during the
model load process. Note that tensile micro-cracks are the main
failure mode of dilatancy, and only a small number of the shear
micro-cracks were generated near the bolt ribs, as shown in
Fig. 16.
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4.4.3. Analysis of force field evolution during pulling failure
The force distribution of the numerical specimen at different

load levels is shown in Fig. 17. Warmer color refers to greater force,
and the upper limit of the load in Fig. 17 was 4 kN.

For all load levels, the forces between the bolt particles gradu-
ally decreased along the left boundary of the cement mortar to
the right end of the anchorage section (see the force field in Fig. 17-
a-c). Consequently, both the tensile deformation of the bolt and the
relative displacement between the bolt and cement mortar gradu-
ally decreased rightward along the anchorage [57]. As mentioned
in Section 4.4.2, the bolt ribs under load induced the vertical
expansion of the cement mortar, resulting in the separation of
the cement mortar from the bolt. The separation process can be
clearly observed from the the expansion of the rectangular box
from Fig. 17a–e. Consequently, the lateral restraining force on the
bolt at the dilatation site reduced, and the range of shear force
imposed on the the bolt body gradually transferred to the inside
of the specimen (denoted by the downward shifting of the red
arrows in Fig. 17a–c) until the anchorage body was completely
destroyed.

The tensile deformation resulted from the load can lead to the
bolt-cement mortar dilatation separation once the load reaches a



 
(a) Point a 
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(c) Point c 
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Fig. 16. Interaction between the bolt and cement mortar material (T = 5 days) (Blue
and red lines respectively represent tensile cracks and shear cracks).

(a) Point a

(b) Point b

(c) Point c

(d) Point d

(e) Point e

(f) Point f

Fig. 17. Force field evolution of the numerical specimen.
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certain value. As a result, the crack propagation fell behind the
transmission of the axial bolt load in the anchorage section, as
shown in Fig. 17. This explained the lag observed in Fig. 15, i.e.,
when the load was applied to point c, the crack spread to one-
third of the anchorage section, but the end of the anchorage section
of the bolt separated from the cement mortar. It should be pointed
out that when the specimen was loaded to the point f, the load on
the cross section of the bolt was asymmetrical, with significantly
greater load on the lower part of the bolt than that on the upper
part, as denoted by the oval box in Fig. 17f.
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5. Conclusions

In this study, the bolt-cement mortar meso-interaction in the
pull-out failure process was studied with both indoor experiment
and PFC2D numerical simulation. The cement mortar material
was used to pour the bolt pull-out specimens in the experiment.
The results are as below:

(1) Experimental results show that, regardless of the curing
time of the specimens, the load displacements of the cement
mortar material under peak load were about 5 mm.

(2) The peak load imposed on the specimen linearly increased
with the UCS of the cement mortar.

(3) The Geiger algorithm based on the LSM is effective in iden-
tifying the position of the crack in the experimental speci-
men. During the loading process, the cracks expand along
the anchorage direction, and the debonding length slowly
increases before the peak load, but rapidly increases after-
ward. The failure processes of the specimens under different
curing times are similar.

(4) The PFC2D numerical model was calibrated by reproducing
the experimental load–displacement curve. Simulation
shows that the crack propagation fell behind the axial bolt
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load transmission, as under peak load the crack propagated
to less than one half of the anchorage length while the ten-
sile crack emerged at the end of the anchorage section.

(5) The dilatation between the bolt and the cement mortar was
identified as the main reason for the pull-out failure of the
rock bolt. In the loading process, it caused the cracks and
the force field to expand along the anchorage direction.
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