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ABSTRACT. Anchor support currently represents a significant reinforcing technique in underground
constructions. The principles of rock bolt reinforcement action are derived from various concepts of the
underground excavation stability. In recent times, rock bolt design techniques have been complemented
by numerical calculations procedures. The paper describes FEM modelling of a rock bolt system for

mechanical and grouted bolts.
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1. INTRODUCTION

In recent times, rock bolting represents a significant
reinforcing method, especially in tunnelling. The main
effect of rock bolting is in reducing and eliminating
the impact of different types of failures that occur in
the rock mass (schistosity, joints, cracks, etc.) so that
the reinforced rock mass can restore the equilibrium
disturbed by excavating an underground work. The
effect of rock bolting on the rock mass is derived
using a variety of methods to determine the stability
of underground excavations and the rock bolt type
considered (e.g. mechanical or resin). The design and
verification of the structural behaviour of rock bolts
can be made by any of the following methods:

e empirical methods or using rock mass classification,

e analytical solution (e.g. rock - reinforcement contact
problem),

e simple calculations based on the Fenner-Pacher
curve theory,

e mathematical modelling (numerical solution of a
contact problem),

e models based on discontinuity mechanics theory,

e probabilistic (stochastic) approach to determine the
required loading of reinforcement anchorage.

Of the above methods, mathematical (numerical)
modelling using the finite element method (FEM) is
commonly used in todaydAZs practice. Generally, the
design of bolts is a complex task that requires the
knowledge of rock bolt materials, the anchor technol-
ogy and the rock mass behaviour.

2. ROCK BOLTS MODELLING USING
FEM

The modelling of anchors and rock bolts by FEM is
more complicated compared with the modelling of the
rock mass itself. This is mainly caused by the fact that
rock bolts are divided by the type of anchor (simply
into two main groups: point-anchored and anchored

along its entire length or predominantly over the entire
length). Thus, the FEM model must necessarily take
into consideration the type of rock bolt, the anchoring
method and the distribution of anchoring forces in
the surrounding rock. It can be used for the following
task:

e modelling a rock bolt as a single element,

e homogenization of the rock bolt’s area.

In current tunnelling practice, rock bolts attached
to the rock along their entire length predominate,
thus, the methods using the homogenization of the
rock bolt’s area are mostly used.

2.1. MODELLING OF ROCK BOLTS USING
HOMOGENIZATION

The principle of this procedure is based on the fact
that anchors create a supporting ring in the rock mass
near the excavation with characteristics of a thick-
walled cylinder. The area of the supporting ring is
modelled so that the elements of the finite element
mesh in the supporting ring change their geomechani-
cal properties by selecting equivalent isotropic mate-
rial with improved cohesion. However, this procedure
is not suitable for a clearly discontinuous rock mass
(connection of rock blocks using rock bolts) because
it does not consider the mechanical strength of the
rock bolt’s area. Czech practice uses the following
procedure to increase cohesion in the rock bolt’s area.

The increase of cohesion due to bolting is calculated
according to the equation:

c. - N, +sing’ (1)
Ak - 2-cos¢’ Ve
where:
N, loading capacity of the bolt [kN],
Ay area per rock bolt [m?],
@ effective angle of internal friction [°],

Ve coefficient of bolting reliability [—].
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Cohesion of equivalent isotropic material:

Cths = Ch + Cs (2)
where:
Ch+s total cohesion of rock increased due to
rock bolting,
ch original cohesion of rock,
Cs cohesion increased due to rock bolting.

If we need to take into the account the impact of the
bolt on the discontinuity surface, a so-called virtual
element can be used in FEM. This virtual element
models discontinuity surfaces using a conventional
rectangular element with a height equal to the length
of the plastic area in the bolt (Fig. .

It is assumed for the shear modulus calculation that
a failure will occur in the bolt and at the disconti-
nuity interface at the same displacement. The shear
modulus was expressed e.g. by H. Larsson [I]:

Th Ab Tj Aj
GVP_uif'e.AiT Z P (3)
where:

Gvp shear modulus of the virtual element,

Th shear stress at the rock bolt failure,

Uy block displacement at the discontinuity
interface,

e height of the virtual element
(length of the plastic area in the bolt),

Ay rock bolt area,

A; discontinuity interface,

Tj shear stress at the discontinuity interface
at failure,

A total area of the rock with rock bolts
(Ab+Aj).

2.2. MODELLING OF ROCK BOLTS AS
DISCRETE ELEMENTS

The problem of the formulation of a finite element that
would describe the stabilizing effect of the rock bolt
or rock anchors on the rock mass has been solved in
various approaches since early FEM numerical analy-
ses (the first models were derived around 1968). Thus,
a number of special elements for describing rock bolts
were developed (for bolts fixed at both ends or along
their own length). These special elements are con-
nected with specific special software or they require
direct implementation in a programme code by the
user. In the following part, one of the most used ele-
ments (attached to the rock along their own length)
will be described. The principle of this element was
presented in the thesis by Omer Aydan in 1988 [2]. It
is essentially a beam element (special bolt element),
which has four nodes, two of which are connected to
the anchor rod and the other two to the surrounding
rock - Fig. 2] The following several simplifications
have been considered for deriving the stiffness matrix
of this element:
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e The body formed by the grouting material is consid-
ered as an axisymmetric thick-walled hollow cylin-
der, which, due to its shear deformation, transmits
tension from the anchor rod into the surrounding
rock.

e Both bolt materials (grouting material and the an-
chor rod) are considered with a linear elastic be-
haviour, and thus the relation between the stress
and strain in the anchor rod and in the grouting
material are described using Hooke’s law.

e In terms of the coordinates of nodes, the radius of
the bolt is negligible in terms of the coordinates of
nodes. This presumption naturally does not apply
when creating the stiffness matrix.

e The bolt considers only the existence of three types
of deformation:

> gg relative longitudinal deformation of the anchor
rod caused by axial displacements of the nodes
of the anchor rod,

> 74 shear deformation of grouting caused by dif-
ferent axial displacements of the nodes of anchor
rods and the nodes connected with the surround-
ing rock,

> =, transverse shear deformation of grouting
caused by different radial displacements of the
nodes connected with the surrounding rock.

The relationship of the rod bolt strain in terms
of nodal displacements (the b index determines the
variables associated with the bolt (rod) and the g index
determines the values belonging to cement grout):

Eb =By Uy (4)

and the relationship of the grouting ring strain using
nodal displacements

¢y =B, AU, (5)

where U is the matrix of displacement and B the
matrix of differential operators.

Physical equations for the linear elastic behaviour
of rods and the grouting ring can be described using
the above expressions as:

ot =Db b o9 =D9 &9 (6)

where D is the relevant material stiffness matrix.

By discretization using finite elements - the equa-
tions of virtual work (it is assumed that the stress
field o is structurally possible and the field of displace-
ments is kinematically allowed), we get expressions
for the stiffness matrix:

Le Th 211
K. = / B"DB d(vol) = / / / BT DB dpdrdz
0 0 0

(7)
After the integration, we obtain the stiffness matrix
of the element in the form given in fig. [3] where
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FIGURE 1. Virtual element for the rock with bolts.

FIGURE 2. Scheme of a special bolt element:
1, 2 - nodes connected with surrounding rock;
3, 4 - nodes connected with the bolt rod.

E, -TI- 12
Ky = bLe T (8)
Gb'H'r?
K, = : 9
Le ()
L
K,=T1-G,- ——— (10)
g g 3ln(k)

Aydan’s element has been successfully implemented
in scientific and commercial programmes. Fig. []shows
an example of the application of this element to the
PMD system by D. Runt [3].

2.3. MODELLING USING GEOTEXTILE
ELEMENTS

Some authors in their publications describe the ability
to model grouting bolts using geotextile elements -
e.g. M. Sejnoha [4]. These are reinforcing elements
which are continuously fixed in the earth massif. This
element is, therefore, a system of two node rod ele-
ments connected in the places where the line of the
geotextile intersects the edge of individual network
elements - see Fig. These elements can only be
loaded by tensile forces, they do not have compressive
strength and cannot transmit bending moments. They
exhibit linear elastic behaviour (that is dependent on
a specified compressive strength) and have limited
tensile strength until the moment of failure.

2.4. MODELLING USING INTERNAL FORCES IN
THE ROCK MASS

Modelling using rod elements is another possibility for
describing bolts that transmit only axial forces. These
elements have the ability to transfer compressive load,
unlike the elements for geotextile modelling. It is also
possible for this element to specify the input forces in
the anchor (prestress) and not consider the prestress
due to compressive load. According to some authors
(e.g. [A]), the bolt root can be modelled as elements
without compressive strength with contact elements.
The cohesion of contact elements should be determined
so that the total frictional force acting on a 1 m strip
corresponds to the frictional force acting on the bolt
(reducing cohesion by the ratio of the bolt area to
the finite element area). For modelling bolts fixed
along their own length, this model is unacceptable in
underground engineering [6].

2.5. MODELLING USING INTERNAL FORCES IN
THE ROCK MASS

The use of internal forces is one of the oldest methods
of modelling anchors and rock bolts in FEM. The prin-
ciple of modelling consists in the insertion of internal
forces into the rock mass at both sides of the rock
bolt (head and root). This kind of plane modelling is
only used for tensioned bolts or anchors. The inserted
forces simulate the bracing area in the rock mass sta-
bilized by rock bolts. However, this kind of modelling
often leads to the plastification in the internal force
location and to a situation where the calculation does
not converge.

3. EFFECT OF INSTALLATION TIME

It is s quite difficult to make a sufficiently accurate
model of the effect of rock bolts. We can usually only
estimate the maximum possible effect. This is not
only due to the established simplifications in different
procedures, but the installation time of rock bolts
also plays an important role (time delay due to the
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FIGURE 3. The stiffness matrix of the element
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FIGURE 4. Rock behaviour in the stress - 04, curve without rock bolts (left) and with rock bolts (right)

FI1GURE 5. Dividing geotextiles on rod elements

application of shotcrete lining). This effect is very
difficult to describe correctly in a numerical model.
Rock bolts are often part of primary lining and also
help to improve the final deformation. Therefore,
we can only determine correctly the effects of the
immediate installation of bolts or bolts installed to
partially deformed lining.

4. CONCLUSION

This paper gives an overview of different approaches
to rock bolts modelling using FEM for tasks related to
underground structures. From the above mentioned
methods, a survey clearly shows that the main approx-
imation of rock bolts in FEM uses modified strength
and deformation parameters in the rock bolt’s area or
specially derived elements (quantifying the effect of
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bolting for the rock mass). Also, FEM is not suitable
for modelling a discontinuous rock mass and, therefore,
a direct impact of rock bolts on discontinuities; we
can say that both of the above mentioned approaches
(based on the theory of continuum mechanics) are
quite suitable for describing the behaviour of rock
bolts. Subsequently, engineers can choose such bolt
properties to reach a steady state of an underground
structure and also optimize its design (based on the
comparison of FEM modelling of different options).
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