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Abstract. Rock-shotcrete interfaces are commonly encountered in min-
ing and civil engineering infrastructures, which can trigger localised
failure due to stress concentration. These interfaces are usually rein-
forced with support systems such as rock bolts and the behaviour of
rock-shotcrete-bolt systems is often difficult to predict mechanically. In
this study, we introduce a new technique to model rock-shotcrete inter-
faces embedding rock bolts using the finite element method. The pro-
posed approach is implemented in the general purpose simulation pack-
age Abaqus via its user-defined element (UEL) subroutine. The proposed
model takes into account the uneven interface roughness and the complex
interaction between its components. The cohesive stiffness of the model
degrades proportionally to the damage that occurs due to this interac-
tion. The stiffness of the bolt connection and its location are also con-
sidered in the proposed mathematical formulation. The present bolted
cohesive element has been validated experimentally; good agreement has
been obtained between the measurement and numerical simulation under
the conditions of direct shear test and bolt pull-out tests. Mesh indepen-
dence has also been verified by examining the effect of mesh size on the
overall force-displacement response of typical structures. With the model
at hand, the effects of key installation parameters such as number of
bolts, their inclinations and material properties have been investigated.

Keywords: Interface · Rock-shotcrete · Finite element method ·
User-defined element · Cohesive element

1 Introduction

Rock-shotcrete interfaces are common in mining and civil engineering infras-
tructures including underground tunnels and excavations. These interfaces are
important to investigate since they represent irregularities that usually cause
stress concentration. Factors such as rock roughness, shotcreting irregularities,
properties of reinforcing elements (e.g. rock bolts and/or fibres), and the con-
ditions of their installation influence the behaviour of these interfaces. These
irregularities can be attributed to the heterogenous nature of rocks and also to
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the excavation process that is often based on drilling and blasting or mechanical
digging, which makes it difficult to obtain smooth surfaces free of local defects.
Shotcrete is usually sprayed on these surfaces to prevent detachment of loose
rocks, especially in the presence of workers and/or heavy equipment. Naturally,
shotcrete spraying results in non-uniform layers that slightly smoothen the orig-
inal rock surface and strengthen it. The interface between the rock mass and
the shotcrete layer relies essentially on the bounding that occur due to cement
hydration reactions. Additional strength is gained by reinforcing the structure
with rock bolts.

To the author’s knowledge there are no cohesive element approaches in the
literature to predict the behaviour of rock- shotcrete interfaces, especially when
support systems such as rock bolts are used. Existing approaches to predict the
behaviour of rock-shotcrete interfaces are essentially analytical as shown by the
authors in previous contributions [1,2] and they ignore the effect of reinforcing
systems. The present formulation builds on a similar element that the authors
suggested for fiber-reinforced concrete [2]. However, the different scales between
fibers and bolts as well as the absence of interface in plain concrete make this
approach fairly different. It is worthwhile noting that the proposed formulation
does not apply only to mining and civil engineering infrastructures embedding
such interfaces but also to other applications where detachment between different
materials can occur in a localised manner.

In this study, we introduce a new technique to model rock-shotcrete interfaces
embedding rock bolts using the finite element method. We developed a so called
“bolted cohesive element” through the user-defined element (UEL) subroutine
of Abaqus to describe this complex interface. The proposed model takes into
account the uneven interface roughness and the complex interaction between its
components.

2 Bolted Cohesive Element Model

Cohesive modelling was introduced by Dugdale and Barenblatt [3,4] in 1960 s s
and it has been applied to various engineering problems [5–7]. It describes joints
or interfaces that differ from the bulk materials that surround them in terms of
mechanical behaviour. The governing equations are derived from the principle
of virtual work which reads∫

Ω

σT δεdΩ +
∫

Γc

Tc
T δΔdS =

∫
Γe

Te
T δudS (1)

where σ, δε, δΔ and δu represent Cauchy stress, virtual strain, virtual separa-
tion and virtual displacement field, respectively. The principle is applied within a
3D domain Ω embedding a cohesive region Γc as shown in Fig. 1. External forces
Te and/or essential boundary conditions u are applied through the surface Γe.
The contribution of body forces is neglected in this formulation.

At the crack interface (Γc), the cohesive traction Tc is related to the relative
separation between the interface boundaries Δ by:

Tc = Dc Δ (2)



172 A. Karrech and X. Dong

Fig. 1. Schematic representation of a 3D cohesive element.

where the constitutive matrix Dc is determined experimentally. Embedding a
bolt into the interface at a location (xb, yb, zb) and applying a pretension force
P0 (see in Fig. 2), results in the following expression

∫
Ω

σT δεdV +
∫

Γc

Tc
T δΔdS +

∫
Γc

Tb
T δΔδ(x − xb, y − yb, z − zb)dS

=
∫

Γe

Te
T δudS +

∫
Γc

P0
T δudS

(3)

where Tb is an internal point load that equilibrates the bolt pretension and
δ(x − xb, y − yb, z − zb) is the Dirac delta function.

Fig. 2. Cohesive element with pre-stressed bolt reinforcement.
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Based on Eq. (3) it can be shown that each cohesive element is governed by
Kd = F , where K is the stiffness matrix, d is the vector of degrees of freedom,
and F is the vector of nodal forces. It can be shown that the stiffness matrix is

K =
∫ 1

−1

∫ 1

−1

B̃
T
DlocalB̃|J |dξdη +

∫ 1

−1

∫ 1

−1

δ(ξ − ξb)B̃
T
DsB̃dξdη (4)

where B̃ = RB and R is a rotation matrix. The first term of Eq. (4) represents
the cohesive stiffness and the second denotes the bolt stiffness. Similarly, the
vector of nodal forces reads

F =
∫ 1

−1

∫ 1

−1

BT RT Tc |J |dξdη +
∫ 1

−1

∫ 1

−1

BT RT Tbδ(ξ − ξb, η − ηb)dξdη

+
∫ 1

−1

∫ 1

−1

δ(ξ − ξb)B̃
T
P 0dξdη

(5)

The vector of nodal forces includes the effects of cohesive traction, bolt force,
and initial pretension applied on the bolt which are the three terms of Eq. (5),
respectively. The last term can be expressed by

F e
p = B(ξb,ηb)RP 0 (6)

The rock-shotcrete interface has a complex structure with uneven interface
behaviour as illustrated in Fig. 2-a. The response of this interface is governed by
a multi-dimensional stiffness having normal (Kn) and shear (Kt) components.
Given the uneven interface, Kt is further decomposed into cohesion and friction
components. The interface behaviour can be measured by using normal loading
tests [8], static Brazilian disc split tests [9] and direct shear tests [10], respec-
tively. A bilinear traction-separation law is adopted for the normal traction com-
ponent in this simulation. In addition, a mixed ‘cohesive’ and ‘Coulomb-friction’
model is used to approximate the non-linear behaviour of rock-shotcrete inter-
faces. This results in a three-stages behaviour that includes elastic, bond failure
and friction sliding regions, as suggested by [10]. As shown in Fig. 2-b, the shear
traction increases linearly with displacement until it reaches the onset of failure
(T ′

max) at a displacement δ0. Beyond this threshold, the shear traction reduces
non linearly until T ′

max is reached at a displacement δc. A residual shear stress
is then maintained as displacement increases.

The degradation of the cohesive stiffness is described with the damage vari-
able D, which varies from zero to one and can be expressed as a function of
displacement as follows

D =

⎧⎪⎨
⎪⎩

0, for δ < δ0

f(δ), for δ0 � δ < δc

1, for δ � δc

(7)

where the function f(δ) is fitted experimentally to reflect the effects of material
strength and joint roughness. A quintic polynomial function is used in the current



174 A. Karrech and X. Dong

Fig. 3. Illustrations of (a) uneven rock-liner interface and (b) interface shear constitu-
tive model.

case. In addition, we considered that the shear stiffnesses in the two tangential
directions are equal which leads to the following constitutive relation for the
shear component:

Tc =

⎧⎪⎨
⎪⎩

kc
sδ, for δ < δ0

kc
s(1 − f(δ))δ + kc

fsδ, for δ0 � δ < δc

μnTn, for δ � δc

(8)

where kc
s = T ′

max/δ0 and kc
fs = T ′′

max/(δc − δ0)).

3 Results and Discussion

Before the model can be used for field applications, simple cases of loading are
considered for validation. The first case simulates a simple shear test and the
results are compared to published experimental data [10]. Cubic specimens of
size 150 mm with artificial rock-concrete interfaces are considered. The spec-
imens are subjected to shear displacement at a rate of 0.005 mm/s under a
normal compression stress of 4 MPa. The bulk material is assumed to have an
elastic modulus of 21 GPa and a Poisson ratio of 0.3. The friction coefficient at
the interface is set to μn = 0.8 and the joint roughness coefficient (JRC) of the
interface is less than 2. The measured normal compression and residual stresses
are 4 MPa and 3.2 MPa, respectively. Figure 3-a shows the reaction force over
the area of shear interface versus applied shear displacement. It can be seen that
a good agreement is obtained between the proposed model and the experimental
test. As a second validation case, a single bolt pull-out test is simulated and
the results are compared to published experimental data [11]. The pull-out tests
were conducted using an MTS Criterion 60 testing machine; a bolt of 20 mm in
diameter is inserted into a steel tube and bonded with resin. Resin-based bolting
is widely used by the mining industry to ensure fast curing (the mixture solidi-
fies in minutes unlike cement bolting). Again, excellent agreement was obtained
between the numerical and experimental data, as shown in Fig. 3-b.
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Fig. 4. Model validation for (a) direct shear test and (b) normal stiffness of the resin
bonded bolt system.

After validation using the direct shear and single bolt pull-out tests, the
model was used to conduct a parametric study. The first parameter of interest
is the number of bolts within a given interface, as the common practice in engi-
neering infrastructures is to apply more than one bolt to enhance the overall
behaviour of support systems. Figure 5-a shows the response of the structure
with respect to displacement for various numbers of bolts. It can be seen that
the total force increases with the number of bolts, which suggests that the denser
the bolts, the higher the shear resistance of the system. However, Fig. 5-b indi-
cates that the average force does not change much with the number of bolts.
This means that the overall force increases linearly with the bolt numbers.

Fig. 5. The effect of bolt number (a) overall force variation against displacement (b)
average force increase under 3 and 6 bolts situations.
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Another key parameter that influences the performance of bolt-based sup-
port systems is the bolt installation angle. This is the angle between the bolt
orientation and the normal direction of the interface. Figure 6 shows the shear
force versus displacement at various bolt installation angles. It can be seen that
the force increases with the installation angle and reduces abruptly when the
bolt fails. The results indicate that the higher the installation angle the stiffer
the bolted system. Similar results were obtained experimentally and reported in
previous studies by Dight [12] and Li et al. [13].

Fig. 6. The shear force variation under the effect of bolt installation angle.

4 Conclusions

A novel bolted cohesive element has been introduced to model support systems
of rock bolts reinforcing shotcrete applied to underground excavations. The pro-
posed element has been implemented using the Fortran user element subroutine
UEL of ABAQUS. The model was validated using direct shear and bolt pull-out
tests and it showed excellent agreement between the experimental data and the
numerical results. Based on this model, a parametric study has shown that the
overall behaviour of the system is strongly influences by the geometry of bolt
installation. The model has indicated that the shear resistance of the system
increases linearly with the number of reinforcing bolts. In addition, the model
has als shown that increasing the installation angle increases the effective stiff-
ness of the system and its overall strength.
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