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Abstract Numerical simulation is a useful tool in investigating the loading performance of rock bolts. The cable structural
elements (cableSELs) in FLAC3D are commonly adopted to simulate rock bolts to solve geotechnical issues. In this study,
the bonding performance of the interface between the rock bolt and the grout material was simulated with a two-stage
shearing coupling model. Furthermore, the FISH language was used to incorporate this two-stage shear coupling model
into FLAC3D to modify the current cableSELs. Comparison was performed between numerical and experimental results to
confirm that the numerical approach can properly simulate the loading performance of rock bolts. Based on the modified
cableSELs, the influence of the bolt diameter on the performance of rock bolts and the shear stress propagation along the
interface between the bolt and the grout were studied. The simulation results indicated that the load transfer capacity of
rock bolts rose with the rock bolt diameter apparently. With the bolt diameter increasing, the performance of the rock
bolting system was likely to change from the ductile behaviour to the brittle behaviour. Moreover, after the rock bolt was
loaded, the position where the maximum shear stress occurred was variable. Specifically, with the continuous loading, it
shifted from the rock bolt loaded end to the other end.

Keywords Fully encapsulated rock bolts - Numerical simulation - Structural elements - Shear coupling model - Interface
shear strength

List of symbols kg Grout shear stiffness that is used in FLAC3D
c Coefficient for the plastic stage, m~! calculation, N/m/m
Cq Grout cohesive force per unit length, N/m L Embedment length, m
D Rock bolt diameter, m l; Corresponding segment length for node i, m
Fmax  Maximum shear force of the cable/mesh p, Grout exposed perimeter, m
s interface, N s Shear slippage of the interface between the bolt
Fmax  Maximum shear force of the cable/mesh interface and the grout, m
Si at node i, N S; Shear slippage at node i, m
S Shear force per unit length at node i, N/m 0 Shear slippage of the interface between the bolt
k Shear stiffness of the interface between the bolt and the grout, m
and the grout, Pa/m do Shear slippage of the interface when the shear
strength is reached
T Shear stress of the interface between the bolt and
B< Junwen Zhang the grout, Pa
zhangjunwen1977@163.com T; Shear stress at node i, Pa
' School of Energy and Mining Engineering, China University Tmax Shear strength of the interface between the bolt
of Mining and Technology (Beijing), Beijing 100083, China and grout, Pa
2 Om Effective confining stress, Pa

Beijing Key Laboratory for Precise Mining of Intergrown
Energy and Resources, China University of Mining and Pe
Technology (Beijing), Beijing 100083, China

Grout friction angle, °
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1 Introduction

The stability of underground excavations directly influ-
ences the safety of underground operators, inducing a
threat on the production of mining activities. To improve
the integrity of rock masses and maintain the safety of
underground openings, rock support and rock reinforce-
ment methods are always used (Kang 2014; Wu et al. 2017;
Zhang et al. 2020).

Windsor (1997) indicated that rock reinforcement rep-
resents the techniques or devices that are used to improve
the rock mass properties from within rock masses, such as
rock bolts and ground anchors. In this paper, the authors
concentrated on studying the axial pulling behaviour of
fully encapsulated rock bolts.

Since fully encapsulated rock bolts were used in mining
engineering, it saw a wide application of rock bolts in
roadways, entries, chambers and stopes (He et al. 2020;
Wang et al. 2020; Zhang et al. 2020a). The installed rock
bolts, the bonding grout in the borehole and the rock
masses constitute the rock reinforcement system. However,
the rock masses have a tendency to move towards the
excavated area. Then, relative displacement occurs
between the rock masses and the rock bolt. This leads to
occurring of shear stresses in the grout annulus. As a result,
the force can be transferred among rock bolts and rock
masses (Chen et al. 2016b, 2019).

To evaluate the loading performance among rock bolts
and rock masses, numerical simulation is becoming more
widely used. A special finite element was developed by
Mitri and Rajaie (1990). Their study indicated that with the
rock reinforcement elements, the stability and safety level
of underground excavations was largely improved. Iva-
novic et al. (2003) developed a lumped parameter model to
evaluate the performance of rock bolts. This numerical
model was successfully confirmed with experimental work.
Moosavi and Grayeli (2006) numerically modelled the
bond failure in the rock reinforcement system and coupled
it into the discontinuous deformation analysis (DDA)
algorithm. A numerical pulling test was conducted to
evaluate the maximum bearing capacity and the load dis-
tribution of the bolt. However, the bolt and the blocks were
assumed to be two-dimensional. Deb and Das (2011) used
the enriched finite element method (EFEM) to study the
mechanical performance of fully encapsulated rock bolts.
Based on the EFEM, the displacement and the stress in the
rock bolt tendon can be simulated. Credibility of this
numerical model was successfully validated. Li et al.
(2012) used the commercial software FLAC3D to simulate
the performance of rock bolts. The structural element of
cable was used. More importantly, the input parameters
regarding the cable were successfully calibrated through
back analysis Nemcik et al. (2014). revised the structural

element in the two-dimensional program FLAC to simulate
the failure propagation in a rock bolting system. The
yielding behaviour of the interface between the structural
element and the mesh can be set manually. Then, the
interfacial yielding behaviour can be simulated. However,
in this case, users should input the shear coupling data
manually, making the simulation complicated. Amarnath
and Sitharam (2016) used the pile element in FLAC3D to
simulate the pulling behaviour of rock bolts. Experimental
field tests were performed in a rock slope. Then, the
modelling quality was certified. Ma et al. (2016) studied
the shear coupling behaviour of the interface between the
bolt and the grout and developed a numerical model to
simulate the performance of rock bolts. It was found that
the shear stress distributed non-linearly along the embed-
ment length. Bahrani and Hadjigeorgiou (2017) compared
the performance of rock bolts simulated with the structural
elements of cable and rockbolt in UDEC. The results
indicated that compared with the rockbolt element, the
cable element is simpler in terms of the input parameters.
Moreover, those input parameters can be acquired from the
laboratory pulling experiments. Chang et al. (2017) used
the finite element program to simulate the grout cracking
and debonding of rock bolts. Experimental short embed-
ment pulling tests were used to validate the numerical
model. Yan et al. (2018) studied the rock bolting system
with numerical modelling in FLAC3D. In the modelling
process, axial failure of the bolt itself was investigated.
Results revealed that once elongation of the rock bolt was
higher than the critical limit, rupture of the rock tendon
would occur, leading to failure of the rock bolting system.
Yokota et al. (2019) adopted the DDA method to study the
behaviour of the interface between a rock bolt and the
surrounding grout. The results showed that the rock bolt rib
angle had a significant effect on the performance of rock
bolts. Ho et al. (2019) investigated the bond failure
mechanism in the anchorage body. It was found that when
the rock bolt was subjected to the high confining stress
condition, the bolt/grout interface failed by shearing.

The literatures above made a significant contribution in
revealing the load transfer mechanism of rock bolts.
Moreover, it was beneficial for improving the optimisation
of rock bolts and safety of mining production. Although
numerical simulation has its advantages in solving complex
geotechnical problems, it still has certain shortcomings.
For instance, in FLAC3D, the cableSELs are always used
to simulate rock bolts and cable bolts. However, in the
original constitutive law of the cableSELs, the grout
annulus was treated as an elastic perfectly-plastic material.
Due to this shortcoming, the interface shear stress between
the rock bolt and the grout material would not decay after
arriving at the interface shear strength (Fig. 1).
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Consequently, the softening behaviour of the interface
between the bolt and the grout was not described properly.

Considering this issue, in this paper, the authors used a
two-stage shear coupling model to depict the shear beha-
viour of the interface between the bolt and the grout. Then,
an approach was proposed to incorporate this two-stage
shear coupling model into FLAC3D to modify the current
cableSELs. After it, a numerical pulling test was conducted
with the modified cableSELs. The numerical pulling results
were validated with experimental results, confirming the
credibility of the modified cableSELs. Last, based on the
modified cableSELs, the influence of bolt diameter and
grout shear strength on rock bolt performance was studied.
When pulling force increased, the shear stress distribution
at the bolt/grout interface along the bolt was investigated.

2 The shear coupling model for the interface

The purpose of the shear coupling model was to determine
the interface shear stress between the rock bolt and grout
material. In this study, specifically, a two-stage model was
used (Pan and Wu 2014). Initially, as the shear slippage
increased, the interface shear stress between the rock bolt
and the grout material rose until the interface shear
strength. After that, the shear stress decreased exponen-
tially, which is depicted with Egs. (1)-(2) and Fig. 2:

T =5 (5<d) (1)
o
Tmax

T = (62 00) )

where, 7 is the interface shear stress between the rock bolt
and the grout material (Pa); 7. is the interface shear

Shear stress (MPa)

Shear slippage (mm)

Fig. 1 Shear behaviour of the interface between the bolt and the
grout in the original cableSELs, after Itasca (2016)
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Fig. 2 Two-stage shear coupling model

strength (Pa); J is the relative shear slippage between the
rock bolt and the grout material (m); dy is the relative shear
slippage between the rock bolt and the grout material when
the interface shear strength was reached (m); cis the
coefficient for the plastic stage (m™").

Compared with Fig. 1, it shows that for the two-stage
shear coupling model, the linear elastic behaviour of the
interface between the bolt and the grout is equal to the
original constitutive law of the cableSELs. However, after
0o, the original constitutive law of the cableSELs assumed
that the shear stress of the interface between the bolt and
the grout was constant. Compared with that, in the two-
stage shear coupling model, the interface shear stress
between the rock bolt and the grout material reduced. With
this method, the post-failure behaviour of the interface
between the rock bolt and the grout material can be
simulated.

3 Incorporating the shear coupling model
into FLAC3D

FLAC3D is the numerical software developed by the Itasca
Company. Due to its convenience and high efficiency,
FLAC3D has been widely used in solving geotechnical
problems. In the software, structural elements, namely the
cable, the pile, the shell, are created to simulate the support
and reinforcement that are applied on soils and rock mas-
ses. Specifically, the cableSELs are always used to simu-
late the rock reinforcement tendons, such as rock bolts and
cable bolts (Itasca 2016). In this study, the FLAC3D 5.01
was used.

The cableSELs are straight finite elements with two
nodes. For each node, there is one axially oriented trans-
lational degree-of-freedom. Most importantly, the spring-
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slider is designed to simulate the bonding performance of
the interface between the cable and the mesh. The maxi-
mum shear force that the grout annulus can bear is com-
posed of two parts: the chemical adhesion and the friction.
Moreover, the maximum shear force per unit length of the
cable/mesh interface can be calculated with Eq. (3) (Itasca
2016):

max
S

L

= g + Ompg tan ¢, (3)

where, F™ | is the maximum shear force of the cable/
mesh interface (N); L is the embedment length (m); ¢, is
the grout cohesive force per unit length (N/m); oy, is the
effective confining stress (Pa); p, is the grout exposed
perimeter (m); and ¢, is the grout friction angle (°).

The cableSELs are composed of segments and nodes. In
this study, it was assumed that all nodes in the cableSELs
have the same properties. Therefore, for each node, Eq. (4)
can be acquired:

max
si

l;

=g + Ompg tan @, 4)

where, F;"™ is the maximum shear force of the cable/
mesh interface at node i (N); /; is the corresponding seg-
ment length for node i (m).

By multiplying (nD)™', the following equation was
acquired:
Fg®™  cg + ompgtan @,
Dl D

(5)

Since the full length of the cableSELs is divided into a
number of segments, the shear stress along each segment
can be assumed uniform (Benmokrane et al. 1995). Then,
Eq. (5) can be rewritten as:

_ Cg + Ompg tan @,

nD (6)

where, 7; is the shear stress at node i (Pa).

In this paper, the shear coupling behaviour of the
interface between the bolt and the grout is independent of
the grout friction angle. Therefore, substituting ¢, = 0 into
Eq. (6) leads to the following equation (Ma et al. 2014):

Cs
i =5 7
=5 (7)

By coupling Egs. (1), (2) and (7) together, the following

equation was acquired:

max D
g =" 5” 5 (8<3o) (8)
0
Tmax D
¢, = T (52 60) 9)

Since ¢, in Eq. (8) is the input parameter for the
cableSELs, the two-stage shear coupling model can be

incorporated into cableSELs. Consequently, the current
constitutive law of the cableSELs can be modified with the
two-stage shear coupling model.

To technically realise this, a FISH function was created.
A flow chart is used to depict the logic of the created FISH
function, as shown in Fig. 3.

After this FISH function is executed, the head pointer of
the cableSELs is extracted and assigned to the address
variable of a. Then, logical judgement is conducted to
check whether the address variable of a is null. If the
address variable of a is not null, the displacement in the
grout at the address variable of a under the large strain
calculating mode is extracted and assigned to the shear
slippage (). Then, J is compared with dq. If ¢ is smaller
than dy, 0 is substituted to Eq. (8) to calculate the corre-
sponding shear stress. Otherwise, ¢ is substituted to Eq. (9)
to calculate the corresponding shear stress. Following that,
the calculated shear stress is assigned to the grout cohesive
force per unit length at the address variable of a. Last, the
next address of the structural element is acquired and
assigned to the address variable of a. This FISH function
ends when the address variable of a is null.

To guarantee that the shear stress of the interface
between the bolt and the grout can be varied automatically
with the shear slippage, this FISH function is executed in
every timestep in the calculation process in FLAC3D.

4 Validation of this numerical model

To validate the credibility of this numerical approach, a
numerical pulling test was conducted. To further confirm
whether the numerical pulling results were appropriate,
experimental pulling results were introduced for compar-
ison and validation.

4.1 Pulling scenario

Specifically, axial loading tests on fully encapsulated rock
bolts were performed by Liu et al. (2011). The tested
tendon had a diameter of 42 mm. In the testing process,
those rock bolts were encapsulated in boreholes that have a
diameter of 150 mm. The embedment length is 3000 mm.
Cement-based grout with a strength of 27.1 MPa and
elastic modulus of 26 GPa was poured into the borehole to
bond the rock bolt with surrounding rock. To measure the
axial load variation along the tendon, strain gauges were
adhered on the tendon surface. The distance between strain
gages was 150 mm. Additionally, the force and displace-
ment of the rock bolt external end were also measured.

In this paper, this pulling process was simulated with
FLAC3D. Specifically, a numerical block with a length of
3000 mm was established. The length, width and height of
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Start

a=s_next(a) <

(7b) and transfer it to ¢, ata

________________________________

a=s_head
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1
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|
1
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1
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! Y No Computing with Equation
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|
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! Computing with Equation
! (7a) and transfer it to ¢, at a
e ———

End

Fig. 3 Logic of the created FISH function

the numerical model were 3 m, 0.4 m and 0.4 m. Along the
axes of X, Y and Z, the number of zones was 10, 10 and 30.
The whole numerical model was composed of 3000 zones
and 3751 grid points. In the centre, the rock bolt was
simulated with the installed cableSELs. The cableSELSs are
composed of 30 segments and 31 nodes. The endpoint of
the rock bolt was located at the grid point. However, the
endpoint of the rock bolt was coupled to the grid point via
the grout, following the shear behaviour of the bolt/grout
interface. Therefore, the endpoint of the rock bolt was not
slaved on the grid point. Under the axial loading, the
endpoint of the rock bolt can still move along the axial
direction of the rock bolt.

The geometry of the numerical block and the cableSELSs
is shown in Fig. 4. In this figure, the blue line represents
the segment of the cableSELs and the green sphere repre-
sents the nodes of cableSELs.

4.2 Input parameters in the numerical model

The input parameters for the shear coupling model include
the shear strength of the interface between the bolt and the
grout (T,ax), the shear slippage when the shear strength of
the interface between the bolt and the grout is reached (J¢)
and the coefficient for the plastic stage (c). These three
parameters determined the bond-slip behaviour of the
bolt/grout interface and can be acquired from conducting
pulling tests on short encapsulated rock bolts. Specifically,
Benmokrane et al. (1995) mentioned that once the rock bolt
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encapsulation was short, the interface shear stress can be
regarded uniform. Therefore, through conducting pulling
tests on short encapsulated rock bolts, the bond-slip beha-
viour of the bolt/grout interface can be acquired.

For this scenario, Liu et al. (2011) conducted short
encapsulation pulling tests on rock bolts and acquired the
bond-slip behaviour of the bolt/grout interface. Based on
their results, the input parameters tabulated in Table 1 were
used in this study.

It is admitted that the characteristics of the interface
between the bolt and grout is dependent on the bolt length
for fully grouted bolts. This may be more apparent if the
grouted length was long enough. If the grouted length was
long enough, the grouting quality at different locations
along the rock bolt may be different.

However, in this study, the purpose was to modify the
original structural elements of cable in FLAC3D with the
two-stage shear coupling model. And in this study, a rel-
atively short length of 3 m was used. Therefore, it was
assumed that in this study, the characteristics of the inter-
face between the bolt and grout was uniform along the bolt
length.

As for the diameter and cross-sectional area of the rock
bolt, they can be acquired from the corresponding experi-
mental pulling scenario. The Young’s modulus of the rock
bolt, can be referred from the handbook or acquired from
the rock bolt manufacturer. The grout shear stiffness can be
calculated from the input shear coupling model, following
Eq. (10):
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Fig. 4 Numerical pulling scenario for the rock bolt

Table 1 Input parameters for the shear coupling model

Table 2 Input parameters for the cableSELs

Parameter Tmax (MPa) dp (mm) c(m™h Parameter Value
Value 2.7 0.15 1500 Bolt diameter (mm) 42
Bolt cross-sectional area (m?) 1.385 x 1073
Segments 30
Bolt Young’s modulus (GPa) 200
ky = Tm}ﬂ (10)  Grout shear stiffness (N/m/m) 2375 x 10°
0
where, k, is the grout shearing stiffness (N/m/m). There-
fore, once the input shear coupling model was determined.
. . . free end segment node loaded end
The shear stiffness of the grouting material can be com-
puted. For instance, in this scenario, substituting 7,,,x and / / } / /
o in Table 1 into Eq. (10), leaded to the result that the LARNNL A AR AN © 0 =
grout shear stiffness was 2.375 x 10° N/m/m. pulling

Then, there was only one input parameter left, which
was the number of segments that constituted a rock bolt. In
this paper, for each rock bolt, the number of segments was
set as 30. Later, a parametric study will be conducted to
demonstrate the influence of segments on the performance
of rock bolt. Input parameters of cableSELs are sum-
marised in Table 2.

4.3 Comparison with experimental results

In this numerical simulation, the Mohr—Coulomb model
was used as the constitutive law for the surrounding rock.
To simulate the pulling process of the rock bolt, an initial
pulling velocity of 1 x 107° m per step was applied at the
loaded end of the cableSELs, as shown in Fig. 5. This
pulling velocity kept constant during the whole calculation
process.

The out-of-balance force along the pulling direction of
the loaded end was recorded and regarded as the pulling
load. Also, the displacement along the pulling direction of
the loaded end was recorded and regarded as the pulling
displacement.

Fig. 5 Applying a pulling velocity on the loaded end of the
cableSELs

After those properties were set, the numerical pulling
test was initiated. During this numerical pulling process,
the two-stage shear coupling model was incorporated into
cableSELs to revise the current constitutive law. The
relationship between the pulling load and displacement was
acquired and compared with experimental pulling results,
as shown in Fig. 6. It is apparent that there was a favour-
able agreement between results. This confirms that the
modified cableSELs can simulate the load transfer beha-
viour of fully encapsulated rock bolts.

A numerical pulling test with the original cableSELs
was also conducted and the result is plotted in Fig. 6. It can
be seen that there was a large difference between the
numerical simulation results acquired with the original
cableSELs and the experimental results. In fact, the origi-
nal cableSELs overestimated the load bearing capacity of
rock bolts.

To further examine whether this two-stage shear cou-
pling model has been incorporated into cableSELs, the
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Pull-out load (kN)

500F 3 - - -
Node 2(modified cableSELs)
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""" Original cableSELs
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0 0.4 0.8 1.2 0 0.3 0.6 0.9 1.2
Pull-out displacement (mm) Shear slippage (mm)
Fig. 7 The relationship between shear stress and shear slippage at

Fig. 6 Comparison between the numerical pulling result and the
experimental pulling result acquired by Liu et al. (2011)

shear stress and shear slippage at nodes along the embed-
ment length were monitored. Then, the relationship
between the shear stress and shear slippage at nodes can be
acquired. Specifically, the results acquired from Nodes 2, 4
and 6 were taken as an example. Node 2 represents the
node that was adjacent to the loaded end while Node 6
represents the node that was relatively far away from the
loaded end. As for Node 4, it was located between Nodes 2

and 6.
Attention should be paid that in the cableSELs in

FLAC3D, the shear force per unit length of the nodes is
used, and the unit for it is N/m. To create the relationship
between the shear force per unit length of the nodes, and
the shear stress, Eq. (11) was used (Ma et al. 2014).

S
T = ——=
nD

(11)

nodes in the modified cableSELs

In the numerical pulling test conducted with the original
cableSELs, the shear stress versus shear slippage relation-
ship of those three nodes was also recorded, as shown in
Fig. 8. In the original cableSELs, after the shear stress of
nodes reached the shear strength, it remained constant.
There was no decreasing of the shear stress for the
bolt/grout interface, which was not a true reflection of the

reality. This is also the reason why the original cableSELs
overestimated the load bearing capacity of rock bolts.
Then, it can be concluded that the original constitutive
law of cableSELs has been successfully modified with the
two-stage shear coupling model. More importantly, the
modified cableSELs can simulate the post-failure beha-
viour of the interface between the rock bolt and the grout

material.

where, f;; is the shear force per unit length at node i, N/m.

It can be seen that Eq. (11) was similar to Eq. (7). In
fact, Eq. (7) depicted the relationship between the shear
stress at the bolt/grout interface and the grout cohesive
force per unit length in the input stage. And Eq. (11)
depicted the relationship between the shear stress at the
bolt/grout interface and the exported shear force per unit
length at nodes in the output stage. Therefore, the outputted

shear force per unit length at nodes basically equalled the

inputted grout cohesive force per unit length.

Figure 7 shows the relationship between the shear stress
and shear slippage at nodes along the modified cableSELs.
It can be seen that the shear stress versus shear slippage
relationship of those three nodes was consistent. Specifi-
cally, when the shear slippage of the node was smaller than

0.15 mm, the shear stress generally increased linearly to

the peak. After it, the interface shear stress started reducing

with an exponential trend.
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Fig. 8 The relationship between shear stress and shear slippage at

nodes in the original cableSELs
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It was also found that in the modified cableSELs, the
shear stress state of those three nodes were different.
Specifically, in Fig. 7, when the shear stress at Node 2
decreased to 0.48 MPa, the shear stress at Node 4 was
0.7 MPa and the shear stress at Node 6 was 1 MPa. The
results also revealed that at the same time, the shear stress
state at different nodes was various even though the con-
stitutive law of those nodes were same.

To further confirm this, the relationship between the
shear stress of those three nodes and the pulling displace-
ment is plotted, as shown in Fig. 9. It shows that with the
pulling displacement increasing, the shear stress at Node 2
first reached the shear strength of the interface between the
bolt and the grout. At the same time, for Nodes 4 and 6, the
shear stress was still rising. With the pulling displacement
increasing, the shear stress of the Node 2 decreased while
the shear stress at Node 4 was going to reach the shear
strength of the interface between the bolt and the grout.
When the pulling displacement increased to 0.57 mm, the
shear stress at Node 6 finally reached the shear strength of
the interface between the bolt and the grout. However,
meanwhile, the shear stress at Node 2 and Node 4 already
decreased to a much lower value.

To further confirm the credibility of this numerical
model, the load distribution along the rock bolt was
recorded and compared with experimental results. The
comparison between the load distribution results acquired
from the numerical pulling test and the load distribution
results acquired from the experimental pulling test when
the pulling load was 160 kN, 250 kN and 300 kN, is shown
in Fig. 10. The results further confirmed that the modified
numerical method can correctly simulate the load distri-
bution state along the fully encapsulated rock bolt. This
further validates the credibility of the modified cableSELs,

Node 2
Node 4 |
Node 6

- i

<

W

)

w -

3

=]

w

i =

< o

]

=

72

0 . . . .
0 0.3 0.6 0.9 1.2

Pull-out displacement (mm)

Fig. 9 The relationship between the shear stress at nodes and the
pulling displacement

confirming that the modified cableSELs can simulate the
performance of fully encapsulated rock bolts properly.

4.4 Parametric study on the number of segments

In the input parameters for the cableSELs, there was an
empirical parameter, namely the number of segments that
constitute a rock bolt. In Sect. 4.2, this parameter was set
as 30. Then, a numerical investigation was performed,
evaluating the influence of this parameter on the rock bolt
performance.

Specifically, the pulling scenario was still same as the
Sect. 4.1. However, the number of segments was different,
varying from 10 to 50. Then, the axial loading trend of rock
bolts was computed. The results were plotted in Fig. 11.

The results showed that although the number of seg-
ments was different, the load—displacement trend of the
rock bolts was consistent. This indicated that the number of
segments had marginal effect in deciding the load—dis-
placement trend of the rock bolt. With the number of
segments increasing, the maximum load bearing capacity
of the rock bolt increased slightly. Moreover, once the
number of segments was larger than a limit, the maximum
load bearing capacity of the rock bolt was almost constant.
For instance, in this case, when the number of segments
increased from 30 to 50, the maximum load bearing
capacity of rock bolts was almost equal.

This parametric study demonstrated that the number of
segments had marginal effect in deciding the loading per-
formance of rock bolts. Moreover, once this parameter was
beyond a limit, its effect on the loading performance of
rock bolts can be neglected. Therefore, when using the
modified cableSELs, once the other parameters are

+  Experimental results-160 kN
Numerical results-160 kN

¢ Experimental results-250 kN
— Numerical results-250 kN
Experimental results-300 kN
Numerical results-300 kN

300

200t

Axial load (kN)

100

0 0.5 1 1.5 2 25 3
Embedment length (m)

Fig. 10 Comparison between the numerical load distribution results

and the experimental load distribution results acquired by Liu et al.
(2011)
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Fig. 11 Load-displacement performance of rock bolts when the
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acquired, the number of segments can be calibrated from
the experimental load—displacement curve.

5 A study with the modified cableSELs

After the modified cableSELs were validated with experi-
mental results, a study was conducted to evaluate the
performance of rock bolts.

In fact, the performance of rock bolts was influenced by
a number of parameters. For instance, the author of this
paper conducted experimental tests and numerical simu-
lation to study the influence of rock mass strength on the
performance of fully grouted bolts in the previous research
(Chen et al. 20164, 2018). It was found that the surrounding
rock mass strength had an important role in determining the
performance of bolts. With the strength of the surrounding
rock mass increasing, the shear stress in the grout increased
apparently. Consequently, this leaded to increasing of the
load bearing capacity of bolts. For this paper, as the pre-
liminary study, the influence of the bolt diameter on the
performance of rock bolts was first studied.

5.1 Effect of the bolt diameter

The geometry of the numerical model was consistent with
Fig. 4 except that the length of the model was 1.5 m.
Specifically, the length, width and height of the numerical
model were 1.5 m, 0.4 m and 0.4 m. Along the axes of X,
Y and Z, the number of zones was 10, 10 and 30. The whole
numerical model was composed of 3000 zones and 3751
grid points.

The bolt diameter changed from 15 to 35 mm with an
interval of 10 mm. An embedment length of 1.5 m was
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used. For the interface between the rock bolt and the grout
material, input parameters including 7., Jd9 and c, are
summarised in Table 3.

Following this, the numerical axial loading test was
performed. And the load—displacement relationship of rock
bolts with different bolt diameters was acquired, as shown
in Fig. 12.

It is apparent that the rock bolt performance was largely
dependent on the rock bolt diameter. Under the same
numerical pulling scenario, when the rock bolt diameter
was 15 mm, the rock bolt had a maximum load bearing
capacity of 40 kN and the corresponding pulling dis-
placement was 1.16 mm, showing apparent ductile beha-
viour. However, when rock bolt diameter increased to
35 mm, the rock bolt reached a maximum load bearing
capacity of 150 kN and the corresponding pulling dis-
placement decreased to 0.74 mm, showing brittle beha-
viour. The results revealed that there was a positive
relationship between the rock bolt diameter and the load
bearing capacity. Furthermore, the rock bolt was more
likely to show the brittle behaviour.

Axial displacement distribution along the rock bolt was
studied. Specifically, the rock bolt with a diameter of
25 mm was taken as an example. During the numerical
pulling process, the displacement of three different nodes,
namely Node 2, Node 4 and Node 6, were monitored. Node
2 was relatively adjacent to the loaded end while Node 6
was relatively far away from the loaded end. Moreover,
Fig. 13 shows the axial displacement of those three nodes
versus the pulling displacement. It can be seen that with the
pulling displacement increasing, the displacement of the
nodes along the cableSELs was different. Furthermore, the
displacement at node that was adjacent to the loaded end
was always larger than the displacement at node that was
far away from the loaded end.

To further confirm this, at the end of this numerical
pulling test, the displacement distribution of the rock bolt is
plotted, as shown in Fig. 14. It can be seen that the rock
bolt displacement distributed non-uniformly. Specifically,
the displacement of the rock bolt decreased non-linearly
from the loaded end to the other end. The results revealed
that when the full encapsulated rock bolt was loaded, along
the axial direction of the rock bolt, the displacement of the
tendon was various.

With the modified cableSELs, the shear stress distribu-
tion in the grout can also be plotted along the rock bolt

Table 3 Input parameters for the bolt diameter effect test

Parameter Tmax (MPa) dp (mm) c(m™h

Value 1 0.1 2000
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Fig. 13 Displacement variation at nodes in the cableSELs with the
pulling displacement increasing

length. Specifically, in FLAC3D, the rock bolt was com-
posed of segments and nodes. Then, the bolt tendon
interacted with the grout through nodes. The shear stress in
the grout was stored in the nodes and it can be exported.
For instance, for the rock bolt with a diameter of 25 mm,
when the pull-out displacement arrived at 0.3 mm, the
shear stress distribution in the grout can be exported, as
shown in Fig. 15.

Considering that the displacement of the rock bolt along
the embedment length had a significant effect in deter-
mining the shear stress of the interface between the bolt
and the grout, the shear stress distribution at the interface
between the bolt and the grout along the embedment length
was analysed. For the numerical pulling test that was
conducted on the rock bolt with a diameter of 25 mm, the
performance of the rock bolt when the pulling displace-
ment was 0.3 mm, 0.6 mm and 0.9 mm was recorded. The

1.2 T T T

09 B *> 4

Axial displacement (mm)

0.6' .... 4
+
0000”..
0.3} 1
0 L L L
0 400 800 1200

Distance from unloaded end (mm)

Fig. 14 Displacement distribution along the embedment length

corresponding load was 60 kN, 77 kN and 83 kN respec-
tively, as shown in Fig. 16.

At these three selected points, the shear stress distribu-
tion along the interface between the bolt and the grout is
plotted, as shown in Fig. 17.

It can be seen that in the loading process of the rock
bolt, the shear stress was not uniform along the full
embedment length. When the pulling load was 60 kN, the
maximum shear stress occurred at the rock bolt that was
adjacent to the loaded end. Then, when the pulling load
arrived at 77 kN, the maximum shear stress shifted to the
central section of the encapsulated length. When the pull-
ing load increased to 83 kN, the maximum shear stress
propagated to the section that was far away from the loaded
end.

The results also revealed that when the pulling load was
different, there was a slight difference between the

0.8}

0.6

04}

Shear stress (MPa)

0.2}

0 0.5 1 1.5

Distance from unloaded end (m)

Fig. 15 Shear stress distribution in the grout material along the bolt
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Fig. 16 Selecting three points to record and analyse the performance
of the rock bolt

maximum interface shear stress. For instance, with the
pulling load rising from 60 to 83 kN, the maximum
interface shear stresses were 7.6323 x 10% N/m/m,
7.6152 x 10* N/m/m and 7.7022 x 10* N/m/m. The rel-
ative differences between the latter two values and the first
value were — 0.22% and 0.92%. It can be seen that there
was a tiny relative difference between them. And this tiny
relative difference was probably due to the calculating
method of FLAC3D. The calculated results were the
approximate solution, which was close to the true solution.
However, there may be a difference between the approxi-
mate solution and the true solution.

Pulling *

5.2 Effect of the grout shear strength

Then, the effect of grout shear strength on the tensile
performance of bolts was studied. The numerical pull-out
scenario was basically consistent with that in Sect. 5.1,
where a rock bolt with a diameter of 25 mm was fully
embedded in the numerical block.

During calculating, the grout shear strength changed
from 0.5 to 1.5 MPa. The numerical pull-out tests were
then performed. Meanwhile, the loading behaviour of the
bolt was monitored. The calculated results are shown in
Fig. 18. Apparently, the grout shear strength influenced the
rock bolting performance. Larger shear strength of the
grouting material leaded to higher peak load of rock bolts.
For instance, as the shear strength of the grouting material
was 0.5 MPa, the peak force was only 67 kN. However, as
the shear strength was 1.5 MPa, the peak force increased to
107 kN. Moreover, with the grout shear strength rising, the
displacement where peak force occurred also increased.
Specifically, with the grout shear strength increasing from
0.5 to 1.5 MPa, the axial displacement where peak load
occurred increased from 0.64 to 1.16 mm. Therefore,
improving the grout shear strength leaded to better loading
performance of rock bolts.

6 Application and future work
In this paper, a two-stage shear coupling model was
incorporated into the current structural elements in

FLAC3D to simulate the bond failure process of the
bolt/grout interface. The incorporation was realised with

: 2 3
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Fig. 17 Distribution of the interface shear stress: a Pulling load of 60 kN; b Pulling load of 77 kN; ¢ Pulling load of 83 kN
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Fig. 18 Performance of bolts when grout shear strength was different

FISH function. Since structural elements are also used in
other software, such as UDEC and 3DEC, this two-stage
shear coupling model can also be incorporated into the
other software.

The practical application of the research result is that
since the modified cableSELs have been successfully val-
idated with experimental results, they can be further used
to study the interaction between rock bolts and rock mass
under the in-situ condition. This is also the future work of
the authors in this study. In the future work, more inves-
tigation will be conducted to use the modified cableSELSs to
reinforce roadways and excavations under the in-situ con-
dition. The performance of rock bolts in keeping the sta-
bility of underground roadways and excavations will be
further studied.

7 Conclusions

The original constitutive law of the cableSELs in FLAC3D
assumes that the shear behaviour of the bolt/mesh interface
follows an elastic perfectly-plastic model. Once yielding,
the interface shear stress did not decline. To overcome this
shortcoming, a two-stage shear coupling model was used to
simulate the bonding performance of the interface between
the rock bolt and the grout material. First, the interface
shear stress rose with slippage. At a certain slippage, it
reached the strength. Then, in the second stage, there was
an exponential decreasing relationship between the inter-
face shear stress and the interface shear slippage. With this
method, the post-failure behaviour of the bolt/grout inter-
face was modelled.

This two-stage shear coupling model was incorporated
into FLAC3D to revise the current cableSELSs. A numerical
pulling test was conducted to evaluate the load transfer

performance of fully encapsulated rock bolts with the
modified cableSELs. Experimental results were adopted to
validate the accuracy of the numerical model. The results
show that there was a close match between numerical and
experimental results. Therefore, the credibility of the
modified cableSELs was validated.

Based on the modified cableSELs, the influence of the
bolt diameter on the performance of rock bolts was studied.
Based on numerical modelling, it was found that the load
bearing capacity of rock bolts increased with diameter.
Furthermore, under the same pulling scenario, with the bolt
diameter increasing, the performance of the rock bolting
system was likely to change from the ductile behaviour to
the brittle behaviour. During the pulling process, the dis-
placement of the rock bolt was non-uniform along the
embedment length. More importantly, from the rock bolt
loaded end to the other end of the rock bolt, the axial
displacement exponentially reduced. Additionally, with the
pulling displacement increasing, the maximum shear stress
of the interface between the bolt and the grout mobilised,
shifting from the rock bolt loaded end to the other end of
the rock bolt.
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