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List of Symbols
Ab	� Cross-sectional area of rockbolt
Db	� Diameter of rockbolt
Eb	� Elastic modulus of rockbolt
Er	� Young’s modulus of rock
Fs	� Shear load at the joint of the rockbolt element
Fs, max	� Maximum shear load at the joint of the rockbolt 

element
Fs, y	� Shear load of rockbolt element at yielding
Ib	� Inertia of rockbolt cross section
k0	� Bond stiffness of rockbolt element at the rockbolt/

rock interface
Ks	� Shear stiffness of rockbolt element
le	� Hinge length of rockbolt element at joint
N	� Axial load of rockbolt element
Ny	� Yielded axial load of rockbolt element

Nf	� Ultimate axial load of rockbolt element
Ub	� Axial movement of rockbolt
Ur	� Axial displacement of rockbolt
Us	� Shear displacement of rockbolt at joint
αo	� Deflection angle of rockbolt element crossing 

joint
β	� Incline angle of rockbolt element at joint
γr	� Unit weight of rock
τ	� Bond stress at the rockbolt/rock interface
κ	� Concentration coefficient of the shear stress distri-

bution at the cross section

1  Introduction

Rockbolts are often installed into the rock masses as a rein-
forcement structure to restrain the rock deformation at the 
excavation surface in underground excavation projects. 
When the rock moves towards the excavation surface, the 
rockbolt elongates, resulting in tension in the rockbolt and 
compression in the surrounding rock mass (Bobet and Ein-
stein 2011). The most commonly used rockbolt is the fully 
grouted rockbolt as it has a reliable anchoring system and 
high bearing capacity (Li and Stillborg 1999). The mortar 
and resin are often used as the grouting agent and filled in 
the annulus between the rockbolt and the borehole wall. The 
load transferring capacity of the fully grouted rockbolt is, 
therefore, heavily dependent on the bond strengths at the 
interfaces between the rockbolt and the grout and between 
the grout and the rock (Hyett et al. 1992; Ma et al. 2014; 
Nie et al. 2019).

The performances of a fully grouted rockbolt under dif-
ferent loading conditions have been investigated by several 
laboratory tests (Chen and Li 2015; Grasselli 2005; Jalalifar 
and Aziz 2010). It has been found in these tests that the 
failure of a fully grouted rockbolt usually occurred within 
the region of the discontinuities. Field monitoring results 
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show that the shear strength of the fully grouted rockbolt is 
equally important to its tensile strength (Li 2010). Different 
analytical solutions have been proposed in the literatures to 
determine the failure in the local region of the discontinui-
ties (Ferrero 1995; Li et al. 2015; Ma et al. 2018; Pellet and 
Egger 1996). To evaluate the influence of the fully grouted 
rockbolt on the shear resistance of a single joint, a simplified 
analytical model has been developed based on beam theory 
(Li et al. 2015). Numerical models for rockbolts have also 
been developed to investigate the reinforcement effects of 
rockbolt on the rock mass (Bahrani and Hadjigeorgiou 2017; 
Li et al. 2016; Nemcik et al. 2014; Qian and Zhou 2018).

The numerical rockbolt models have the advantages in 
accommodating the rockbolt models into the rock struc-
tures. The representation of rock movement using numerical 
modelling might be required in some cases to represent the 
block deformation (Karampinos et al. 2015). The discon-
tinuous deformation analysis (DDA) method developed and 
programmed by Shi (1988) is capable to simulate the static 
and dynamic behaviors of discrete blocky systems based 
on block kinematics. To simulate the interaction between 
rock and rockbolt, a rockbolt model has been developed 
and integrated into the DDA program by Nie et al. (2014a, 
b). However, the failure propagation in the rockbolt model, 
especially the plastic hinge formation near the rock joint and 
the shear failure of rockbolt material were not included in 
the rockbolt model.

In this study, the rockbolt model proposed by Nie et al. 
(2014a, b) is modified to simulate the failure mechanism of 
the fully grouted rockbolt installed in the jointed rock mass 
subjecting to the combined tension and shear loads. The 
mechanical behavior of the fully grouted rockbolt at rock 
joints is analyzed based on beam theory and integrated into 
the DDA code. The numerical results are compared with 
those from laboratory single shear tests and double shear 
tests. The advantages and limitations of the modified fully 
grouted rockbolt model are also discussed.

2 � Rockbolt Modelling in DDA

2.1 � Governing Equations

The DDA method adopts an incremental solution pro-
cedure. The dynamic equations of the block system are 
solved at each time step, while the incremental changes 
in energy are determined at the same time as the block 
system attempts to reach equilibrium (Shi 1988). The basic 
framework of the multi-time step calculations in DDA con-
tains the following three parts, i.e., the input, the multi-
time step procedure and the output, as shown in Fig. 1. The 
properties of blocks and joints are defined at the beginning 
of the calculation. The maximum displacement ratio and 
the upper limit of time interval are used to determine the 
incremental time step and control the open–close itera-
tion. To solve the governing equations, the successive over 
relaxation (SOR) method is used. More details of the cal-
culation procedure can be found in Shi (1988).

In DDA, the deformation of a single block has six basic 
variables in the first-order approximation, as shown in 
Fig. 2. In each time step, the displacements of a point (x, 
y) in a block are represented as

in which [Ti] is expressed as follows,

where {Di} = (u0, v0, r0, εx, εy, γxy)T, i is the block ID; u0 and 
v0 are the rigid body translation at a specific point (x0, y0) 
within the block i; r0 is the rotation angle of the block i with 
respect to (x0, y0); εx and εy are the normal strains in the x 
and y directions, respectively, and γxy is the shear strain.
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Fig. 1   Framework of the multi-
time step calculation in DDA 
(Nie 2019)

Output: 

H. Block movements, and 

I. Block stresses/strains. 

A multi-time step procedure:

C. Calculate the incremental loadings/displacement 
in current time/step; 

D. Detect the contacts; 

E. Assemble the submatrix; 

F. Perform the open-close (OC) iteration, 

a) Add and/or remove contacts, 

b) Solve the global equilibrium equation, 

c) Re-judge the contacts, 

d) Calculate the displacement ratio; 

G. Update the block deformation. 

Input:

A. Geometry of block 
system, and 

B. Physical/mechanical 
properties of rock 
blocks and joints. 
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For a blocky system containing n blocks, the global equilib-
rium equation in matrix form is shown as follows

The matrix [Kij] (i, j = 1, 2, …, n) is given as follows

where Π is the total potential energy of the whole system; 
dri is the displacement vector; for (i ≠ j), [Kij] is a 6 × 6 sub-
matrix to represent the contacts between blocks i and j (i, 
j = 1, …, n), and for (i = j), [Kij] is the local stiffness matrix.

The matrix {Fi} (i = 1, 2, …, n) is a 6 × 1 sub matrix repre-
senting the loading on block i distributed to the six deforma-
tion variables, and it is given by

More derivation details of matrix [Kij] and {Fi} could be 
found in Hatzor et al. (2017). To simulate the reinforcement 
provided by rockbolts, the sub matrix of point loads has to be 
considered. Take a point load (Fx, Fy) acting on a point (x, y) 
for example, its contribution to the submatrix {Fi} is given as

(3)
[
Kij

]{
Di

}
=
{
Fi

}
.

(4)
�
Kij

�
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�2
∏

�dri�dsj
(r, s = 1, 2,… , 6),
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�
= −
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�dri

������dri=0
(r = 1, 2,… , 6).

(6)[T]T
[
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]
→

{
Fi

}
.

2.2 � Rockbolt Model Under Pure Tension

To better model the interaction between the rock and the 
rockbolt, a rockbolt is separated into a few segments by the 
block boundaries. The positive direction of the rockbolt is 
defined as the direction from its embedded free end to the 
other end, where the faceplate might be attached. An exam-
ple of a fully grouted rockbolt installed through rock blocks 
A, B and C is shown in Fig. 3. The rockbolt is divided into 
three segments and each segment contains several rockbolt 
elements. The suggested length of one element for a fully 
grouted rockbolt is less than 0.1 m (Blanco Martín et al. 
2013). Two nodes at the same location, one on the rockbolt 
(rockbolt node) and the other one on the rock block (rock 
node), are isolated to determine the relative displacement 
between them. Once the rock block deforms, the relative 
movements between the rock nodes and the rockbolt nodes 
are used to calculate the slip displacement. Based on the 
calculated relative movements between the rockbolt and the 
rock, the change in bond stress ∆τi along rockbolt could be 
calculated according to the bond-slip model (Farmer 1975)

where k0 is the bond stiffness at the rockbolt and rock inter-
face; Ur and Ub are the movements of rock and rockbolt, 
respectively, and ∆τi is the change of bond stress on the 
interface of the ith rockbolt element and rock.

The force equilibrium at a rockbolt element gives the 
change of axial stress as

(7)Δ�i = k0
(
Ur − Ub

)
,

Translation Rotation Normal strain Shear strain

Fig. 2   Displacement variables of a single block in the first-order approximation in DDA (Shi 1988; Hatzor et al. 2017)

Fig. 3   Element divisions of a 
fully grouted rockbolt installed 
through several rock blocks
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where ∆σi is the variation of the axial stress in the ith rock-
bolt element; li is the length of the ith rockbolt element; Ab 
is the cross-sectional area of rockbolt, and Db is the diameter 
of rockbolt.

The rockbolt is assumed as a bilinear strain-hardening 
material with elastic modulus of Eb and strain-hardening 
modulus of ET (see Fig. 4a). The tri-linear bond-slip model 
is used to simulate the bonding behaviour between the rock 
mass and the fully grouted rockbolt (Ma et al. 2017; Nie 
et al. 2019). As shown in Fig. 4b, the tri-linear bond-slip 
model separates the bond stress versus slip displacement 
curve into three simplified linear sections with three differ-
ent bond stiffness, i.e., k1, k2 and k3 are the bond stiffness for 
the ascending section, the softening section and the resid-
ual section, respectively. For a given rockbolt with a total 
node number of n and a total element number of (n − 1), by 
assuming the displacement within one element varies quad-
ratically, the mathematical algorithm of the rockbolt model 
can be obtained by combining Eqs. (7) and (8), so we have

where k = k0πDb and Eb is the elastic modulus of rockbolt 
material.

For the rockbolt node located on the faceplate, the dis-
placements for the rock node and the rockbolt node are the 
same, i.e., Un

r
= Un

b
 , which gives the force acting on the face-

plate ΔPn as

The increment of restraint force provided by the rockbolt 
at the rockbolt node i (i = 1, …, n − 1), ΔPi could be calcu-
lated as
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(9)
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)(
Ui
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b
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,

(10)ΔPn =
AbEb

ln−1
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r
− Un

r

)
.

By defining the angle between the rockbolt direction and 
x-axis as θ (see Fig. 3), the point loads to the rock block 
induced by the restraints of rockbolt at a time step could be 
calculated as

where Fx and Fy are the point loads at the horizontal and 
vertical directions, respectively.

Because the yield criteria which is based on nominal 
strain of the rockbolt could not consider the shear stress 
components, the reaction shear force from rockbolt to rock 
block due to joint dislocation are not included. It is neces-
sary to develop a new numerical model to consider the shear 
loads onto the rockbolts when they are installed through rock 
joints.

2.3 � Rockbolt Model Considering Tension and Shear

When a fully grouted rockbolt is subjected to shear load at 
a rock joint, the rockbolt may deflect. The deformation of 
the rockbolt exhibits two singular points symmetric with 
respect to the shear plane (Pellet and Egger 1996), such 
as the points A and C in Fig. 5a. The reaction force in the 
host material is mobilized at the beginning of loading pro-
cess. The shear component of reaction force Fs is roughly 
proportional to the shape of the deflection of section AC 
in the elastic stage. Once the complete plasticization is 
reached, Fs is constant in the plastic stage. In DDA simu-
lation, one potential plastic hinge might form at each side 
of the joint plane, such as AO and OC in Fig. 5b. The 
remained length of the rockbolt element through the rock 
joint is 2le where le is the hinge length of the rockbolt. If 
there is no experimental data supported, the hinge length 
le is often taken as 1.0–2.0 Db, where Db is the diameter of 
the rockbolt (Gerdeen et al. 1981; Grasselli 2005; Jalalifar 

(11)ΔPi = kli
(
Ui

r
− Ui

bx

)
.

(12)
[
Fx

Fy

]
= −ΔPi

[
cos �

sin �

]
,

Fig. 4   Mechanical behaviours 
of a fully grouted rockbolt and 
b interface between rock and 
rockbolt
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and Aziz 2010). The directions of the generated axial load 
N, shear load Fs and bending moment M at two ends of the 
element of the fully grouted rockbolt are shown in Fig. 5c.

An example of a rockbolt crossing a rock joint with the 
direction angle of θ, and the incline angle between rock 
joint and rockbolt of β is presented in Fig. 6a. The analyti-
cal solution to consider the effects of combined tension 
and shear loads onto the yield performance of rockbolt is 
given by Li et al. (2015) and shown as

where No is the axial load; Fso is the shear load at the joint of 
rockbolt element; Mo is the bending moment; Gb is the shear 
modulus of the rockbolt; Ib is the inertia of rockbolt cross 
section; κ is a concentration coefficient of the shear stress 
distribution at the cross section which is equal to 4/3 of the 
solid cross section; Ub is the axial movement of rockbolt; Us 
is the shear displacement of rockbolt at joint, and αo is the 
deflection angle of rockbolt element crossing joint.

For a symmetrical homogenous beam element with a 
very small diameter, the bending moment Mo could be 

(13)
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,

neglected. The force equilibrium at the rockbolt gives the 
axial load No and shear load Fso at a point O as

The rockbolt deformations along its shear and axial direc-
tions are correlated and shown as (Li et al. 2015)

As shown in Fig. 6a, the force equilibrium on point A 
gives the expressions of axial load NA, shear load FsA and 
bending moment MA as

(14)No =
EbAb

le
Ub,

(15)Fso =
240�GbAbE

2
b
I2
b
− 40G2

b
A2
b
EbIbl

2
e(

6EbIb�le − GbAbl
3
e

)(
13GbAbl

3
e
+ 30�EbIb

)Us.

(16)Us =
sin �

cos
(
� + �o

)Ub ≈
sin �

cos � − �o sin �
Ub.

(17)NA =
EbAb

le
Ub,

(18)FsA = KsUs,

Fig. 5   Rockbolt element subjected to a shear movement a shape of a 20 mm diameter rockbolt extracted at the end of a shear test (modified after 
Grasselli 2005), b positions of rockbolt before shearing, and c positions and loads generated in the rockbolt element after shearing
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where Ks is the shear stiffness of the rockbolt element with 
its expression shown as

Based on Eqs. (17)–(19), the increase of axial load ∆NA, 
shear load ∆FsA and bending moment ∆MA of the rockbolt 
element at a time step, respectively, can be derived as

The increase of axial stress ∆σM induced by the bending 
moment acting at point A of the rockbolt element is given as

(19)MA = FsAle,

(20)Ks =
240�GbAbE

2
b
I2
b
− 40G2

b
A2
b
EbIbl

2
e(

6EbIb�le − GbAbl
3
e

)(
13GbAbl

3
e
+ 30�EbIb

) .

(21)ΔNA =
EbAb

le
ΔUb,

(22)ΔFsA = KsΔUs,

(23)ΔMA = ΔFsAle.

(24)Δ�M =
ΔMADb

2Ib
.

Combining Eqs. (8) and (24) gives the increase of nor-
mal stress of rockbolt element as

For short span beams carrying large concentrated loads, 
the reduction from shear is significant (Ssj 1996). The Von 
Mises yield criterion is usually used to describe the short 
span beam and shown as

where Ny is the yield axial load of rockbolt element under 
pure tension and Fs,max = Ny

�√
3.

By assuming the shear stress and moment of rockbolt 
element do not increase with respect to the increase of 
shear displacement once the rockbolt element is at yielded 
stage, the axial stress versus axial strain curve is still linear 
with its strain-hardening modulus of ET. Equation (26) can 
be simplified as

(25)Δ�M =
ΔNA

Ab

+
ΔMADb

2Ib
.

(26)
(
�AAb

Ny

)2

+

(
FsA

Fs,max

)2

= 1,

Fig. 6   Mechanical models 
of the rockbolt element a a 
free body diagram of rockbolt 
installed crossing a joint, and b 
loading state judgement using 
shear force versus axial load 
curve
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where Fs,y is the shear load of a rockbolt element at yield-
ing, and Nf is the ultimate axial load of a rockbolt element 
under pure tension.

Under the combined tension and shear loads, the point 
loads to the rock blocks induced by rockbolt restraints at a 
time step could be calculated as

(27)
(
�AAb

Nf

)2

+

(
Fs,y

Fs,max

)2

= 1,

The point load matrix as shown in Eq. (28) will be added 
to the submatrix of {Fi} in Eq. (6) in the multi-step proce-
dure to simulate the reinforcements of rockbolt onto the rock 
blocks. The procedure for coding the proposed numerical 
rockbolt model into DDA program is shown in Fig. 7. The 
procedure only involves the geometry and the loading parts. 
The geometry part will add at the beginning of the multi-
time step procedure (before C) in the basic framework of 
DDA, as shown in Fig. 1. The rockbolt model is invoked 
once the required time step or time is achieved. The debond-
ing at bolt–grout interface and the plastic hinge of the rock-
bolt could also be simulated using this model. The force 
restraints of rockbolts will add at the end of the multi-time 
step procedure (after point G, as shown in Fig. 1). The rock-
bolt performances are monitored for data output purposes.

3 � Verification of the DDA‑Based Rockbolt 
Model

3.1 � Comparison with Single Shear Test

To verify the accuracy of the proposed rockbolt model, DDA 
simulations are carried out to simulate the laboratory tests 
conducted by Chen and Li (2015). Two blocks with width of 
0.95 m and length of 1.0 m are used in the DDA model, see 
Fig. 8a. The co-edge of the two blocks is set as a friction-
less joint with no cohesion and tensile strength. The bot-
tom edge of the lower block is fixed in the horizontal and 
vertical directions, while the top edge of the upper block 
can only move horizontally. The rockbolts with diameter 
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Fig. 7   Flowchart to integrate the rockbolt model into DDA

Fig. 8   Modelling the rockbolt shear test conducted by Chen and Li (2015) a numerical model, b trilinear bond-slip model at interface and c 
bilinear constitutive model of rockbolt material



2500	 W. Nie et al.

1 3

of Db = 20 mm are installed in the rock block with incline 
angle of β. The length of the rockbolt element is set as 0.1 m 
in rock block, except the rockbolt element crossing the joint 
which is assumed with a length of 4Db where Db is the diam-
eter of rockbolt element. The end of the rockbolt where the 
faceplate is attached is fixed onto the block, while the other 
end is free to move along the rockbolt direction. The bond-
ing behavior between the rockbolt and the two rock blocks 
is simulated using the trilinear model, as shown in Fig. 8b. 
The rockbolt is assumed as a bilinear strain-hardening steel 
bar based on the pullout tests results of the fully grouted 
rebar. The rockbolt has elastic modulus of Eb = 210 GPa and 
strain-hardening modulus of ET = 5.9 GPa, see Fig. 8c. More 
details of the materials’ properties and DDA settings are 
summarized in Table 1. 

The DDA simulations of the pullout test and the shear 
tests are carried out to investigate the performance of the 
fully grouted rockbolts installed with incline angle β = 90°, 

120°, and 140°. The stress statuses of the rockbolt at failure 
are shown in Fig. 9. It can be found that all the three rock-
bolts failed at the joint between the two blocks. The total 
force, defined as Ft =

√
N2 + F2

s
 (Chen and Li 2015), versus 

total displacement curves are shown in Fig. 10. Reasonable 
agreement could be observed between the simulation and 
the laboratory tests results. The total forces of the rockbolts 
at yielding and at failure under shearing are significantly 
lower than those under pure tension (i.e., pulling out loads). 
The bearing capacity of the rockbolts varies with the change 
of the incline angles. The bearing capacity decreases for the 
incline angle ranging from 90° to 140°. The curves for the 
total forces versus displacements obtained from the DDA 
simulations have steeper gradients than those from the labo-
ratory shear tests. One possible reason for the gradient dif-
ference is that the mortar deformations in the laboratory tests 
are not considered in the current rockbolt models. However, 
the yield loads from the laboratory shear tests match with 
those from DDA simulations with maximum difference of 
only 5% as shown in Table 2. For the ultimate load under 
shearing, the maximum difference is 23.95% for the case 
with the incline angle β = 90°. It should be noted that the 
DDA simulation could not present the dip in the total forces 
during failure which is caused by the assumed bi-linear 
material model. The difference between the DDA simulation 
and the yield load from the laboratory test is less than 1.0% 
for the pullout test, while the difference is only 0.7% for the 
ultimate load.  

3.2 � Comparison with Double Shear Test

The proposed fully grouted rockbolt model is used to simu-
late the double shear tests conducted by Forbes et al. (2017). 
In their laboratory tests, an optical strain sensing technique 

Table 1   Parameter setting in the DDA model

Item Parameter Values

Rock Elastic modulus Er, GPa 30
Poisson ratio, v 0.2
Unit weight, × 103 kN/m3 26.0

DDA calculation Maximum displacement ratio 0.0004
Upper limit of time interval 0.0002
SOR factor 1.4

Rockbolt Diameter Db, mm 20
Elastic modulus Eb, GPa 210
Yield axial strength, kN 180
Ultimate axial strength, kN 217
Hinge length le, mm 40 (~ 2.0Db)
Shear stiffness Ks, MN/m 67.3

Fig. 9   Stress status of the rockbolts installed in rock blocks under a pull-out load, and shear load for rockbolt installed with inclined angles of b 
β = 90°, c β = 120° and d β = 140°
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was developed to monitor the strain profile of fully grouted 
rock bolts with a spatial resolution of 0.65 mm. The sin-
gle optical fibre sensor within three 2 × 2 mm machined 
out grooves were extended the entirety of the bolt length 
to measure the strain profile during the double shear tests. 
Three blocks with dimensions of 400 × 400 mm are used to 

simulate the double-jointed apparatus, as shown in Fig. 11. 
The rock blocks at the two sides of the model are restrained 
by vertical rollers. A fully grouted rockbolt with a diameter 
of 20 mm and a length of 1.2 m is installed in the centre of 
three blocks. Both ends of the fully grouted rockbolt are 
free to move. During the shearing process, the middle block 
moves downwards at a constant speed of 0.5 mm/min. The 
properties of the material are the same as those listed in 
Table 1.

Figure 12a presents the load distributions along the fully 
grouted rockbolt when the middle block moves 2 mm down-
wards. As the grooving process of the sensing may decrease 
the strength and rigidity of rockbolt (Forbes et al. 2017), 
only the shape of the axial strain distribution is given in 
the laboratory test. It can be seen that the DDA simulated 
axial load distribution is able to fit the shape of axial strain 
obtained by the laboratory test. Due to the shear component 
of the load at joint, the total load is increasing in the rock-
bolt element crossing the rock joint. Yielding occurs in the 
rockbolt elements which are near the two rock joints under 
such a displacement. The rockbolt nodes in the middle rock 
block and the first three nodes near the rock joints in the 
side blocks are falling in the 2nd stage of bond-slip model. It 
presents the initiation of failure is located within the region 
of the joints. As shown in Fig. 12b, the simulated nodal 
transverse displacement of the fully grouted rockbolt is also 
compared with the lateral deflection from the experiments 
for the applied displacement of 2 mm and 4 mm. A good 
agreement between the DDA simulations and the experi-
mental results is achieved when the applied displacement is 
2 mm. However, a larger difference for the case of applied 
displacement of 4 mm is observed, which may be due to the 
limitations of the current DDA model that it cannot consider 
the deformation of mortar filled in the borehole.
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Fig. 10   Comparison of the load-deformation curves from the DDA 
simulations and the laboratory tests conducted by Chen and Li (2015)

Table 2   Comparison between the DDA model and the laboratory 
tests conducted by Chen and Li (2015)

Items A. Pull out B. β = 90° C. β = 120° D. β = 140°

Yield axial load, kN
 Laboratory 181.86 118.13 149.45 165.92
 DDA 180.05 114.93 146.64 157.60
 Difference − 1.0% − 2.7% − 1.9% − 5.0%

Ultimate axial load, kN
 Laboratory 215.38 196.70 205.49 209.34
 DDA 216.97 149.66 169.63 185.07
 Difference 0.7% − 23.9% − 17.5% − 11.6%

Fig. 11   DDA model of the 
double shear test conducted by 
Forbes et al. (2017)
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4 � Conclusions

A fully grouted rockbolt model is developed and imple-
mented into the discontinuous deformation analysis (DDA) 
code to study its reinforcement effort on the jointed rock 
masses. The analytical solutions proposed by Li et al. 
(2015) are used to determine the tension and shear loads of 
the rockbolt installed through a rock joint. The DDA-based 
rockbolt model is evaluated by the single shear tests con-
ducted by Chen and Li (2015) and the double shear tests 
conducted by Forbes et al. (2017). The DDA simulations 
of the shear tests show that the proposed rockbolt model 
can capture the load variation during pulling and shearing 
procedures. The load carrying capacities during shearing 
decrease when the incline angle changes from 140° to 90°. 
The proposed DDA model could be used to present the 
plastic hinge formation and failure analysis for rockbolts 
installed in the jointed rock mass. One limitation of the 
proposed model is that it cannot consider the deformation 
of mortar filled in the borehole.
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