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modelling concepts, their typical problems, critical parameters, methods of analysis and criteria
for acceptance of certain analytical and numerical methods or mauede possibleby
computational enhancemerits resolving induced stresses in rocks in order to present novel
solutions to challenges that might arise.
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1.0 Introduction

Over time, advancements in engineering rock mechanics have always been made by humans
without formally knowing so, as we do today. As early as 1773, Coulomb included results of
tests on rocks from Bordeaux in a paper read before the French Academy in Paris (Coulomb,
1776, Heyman, 1972). Ironically, these advancements were made in response to certain failures
in constructions. Today, Geotechnical Engineering is the branch of civil engineering concerned
with the engineering behaviour of earth materials. This involves the characterization of the
subsurface for determination of engineering soil properties, analysis, design and construction of
geotechnical systems (Terzaghi et al., 1996). Geotechnical Modelling is essentially a
simplification of real world problems that involves making predictions of stresses induced by
interaction of civil engineering systems with soils. It is thus, an integral part of all geotechnical
engineering analyses and designprocesses (Hoek, 2007). Rock Mechanicsis a theoretical and
applied science of the mechanical behaviour of rock and rock masses. It is a formal expression of
some of the principles of Rock Engineering and it is only during the past few decades that the
theory and practice in this subject have come together in the discipline which we know today as
Rock Engineering (Hoek, 1966). Rock Structures are those individual, contrasted, larger-scale
features of rocks. These are basically classified into primary and secondary structures. Primary
structures are those formed before or at the same time as the material is in the process of
becoming a rock. For example, these structures are formed as magma crystallizes or sediments
accumulate. Secondary structures on the other hand are those imposed on the rock after it has
already formed. For example, these structures are formed as a result of compression of existing
rock (Leveson, 2001) and include landslides, jointed rock slopes, dams such as gravity dams,
arch dams etc., stopes, pillars, tunnels and caverns.

2.0  Geotechnical Modelling Concepts
2.1  Laboratory Testing of Rock to ascertain stability

There has always been a tendency to equate rock mechanics with laboratory testing of rock
specimens and hence laboratory testing has played a disproportionately large role in the subject.
Laboratory testing techniques have been borrowed from civil and mechanical engineering and
have remained largely unaltered for the past 25 years. An exception has been the development of
servo-controlled stiff testing machines which permit the determination of the complete stress-
strain curve for rocks. This information is important in the design of underground excavations
since the properties of the failed rock surrounding the excavations have a significant influence
upon the stability of the excavations (Hoek, 2007).

2.2 In-situ stress measurements

The stability of deep underground excavations depends upon the strength of the rock mass
surrounding the excavations and upon the stresses induced in this rock. These induced stresses
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are a function of the shape of the excavations and the in-situ stresses which existed before the
creation of the excavations. The magnitudes of pre-existing in-situ stresses have been found to
vary widely, depending upon the geological history of the rock mass in which they are measured
(Hoek and Brown, 1980). Theoretical predictions of these stresses are considered to be unreliable
and, hence, measurement of the actual in-situ stresses is necessary for major underground
excavation design. During early site investigations, when no underground access is available, the
only practical method for measuring in-situ stresses is by hydrofracturing (Haimson, 1978) in
which the hydraulic pressure required to open existing cracks is used to estimate in-situ stress
levels. Once underground access is available, over-coring techniques for in-situ stress
measurement (Leeman and Hayes, 1966; Worotnicki and Walton, 1976) can be used and,
provided that sufficient care is taken in executing the measurements, the results are usually
adequate for design purposes.

2.3 Rock reinforcement and support design

Safety during construction and long term stability are factors that have to be considered by the
designers of excavations in rock. It is not unusual for these requirements to lead to a need for the
installation of some form of rock reinforcement or support. Fortunately, practical developments
in this field have been significant ove
reinforcement systems and tunnel lining techniques. Whereas, in the past, designs of both rock
reinforcement and support were based on empirical rules or classification schemes derived from
experience, it is now possible to study a wide range of excavation geometries, excavation
sequences, rock mass properties and reinforcement or support options by means of numerical
models. Thus, once a reliable geological model has been established, the rock engineer can
choose a few reinforcements or support systems and optimize these for the typical conditions
anticipated.

2.4  Engineering Rock Structures

While there are no universal rules for concluding that a rock structure will be safe, secure and
perform effectively, various models are summarized in this work in terms of material behaviour,
design loading, environmental conditions, rock types and end uses. A summary of typical
problems, critical parameters, methods of analysis and criteria for acceptance that apply to
certain rock engineering structures is given below:
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underground civil engineering
excavations (After Hoek, 2006)

Table 1: Typical problems, critical
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3.0  Analytical Tools for induced stresses in rocks

When an underground opening is excavated into a stressed rock mass, the stresses in the vicinity
of the new opening are re-distributed. Consider the example of the stresses induced in the rock
surrounding a horizontal circular tunnel as illustrated in Figure 1 below, showing a vertical slice
normal to the tunnel axis. Before the tunnel is excavated, the in-situ stresses oy, Oh; and o are
uniformly distributed in the slice of rock under consideration. After removal of the rock from
within the tunnel, the stresses in the immediate vicinity of the tunnel are changed and new
stresses are induced. The convention used in rock engineering is that compressivetresses are
always positive, and the three principal stresses are numbered such that o1 is the largest
compressive stress and o3 is the smallest compressive stress or the largest tensile stress of the
three.The three principal stresses 01, 0» and 03 acting on a typical element of rock are mutually
perpendicular, but they may be inclined to the direction of the applied in situ stress.
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Figure 1: lllustration of principal stresses induced in an element of rock close to a horizontal tunnel
subjected to a vertical in situ stresg a horizontal in situ stress,; in a plane normal to the tunnel axis
and a horizontal in situ stress, parallel to the tunnel axis. (Hoek, 2007)

An analytical solution for the stress distribution in a stressed elastic plate containing a circular
hole was published by Kirsch (1898) and this formed the basis for many early studies of rock
behaviour around tunnels and shafts. Following along the path pioneered by Kirsch, researchers
such as Love (1927), Muskhelishvili (1953) and Savin (1961) published solutions for
excavations of various shapes in elastic plates. Closed form solutions still possess great value for
conceptual understanding of behaviour and for the testing and calibration of numerical models.
For design purposes, however, these models are restricted to very simple geometries and material
models. They are of limited practical value. Fortunately, with the development of computers,
many powerful programs that provide numerical solutions to these problems are now readily
available.
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3.1  Analytical models

Analytical models have always played an important role in rock mechanics. The earliest models
date back to closed form solutions such as that for calculating the stresses surrounding a circular
hole in a stressed plate published by Kirsch in 1898. The computer has also made it much more
convenient to use powerful limit equilibrium methods (Sarma, 1979; Brown and Ferguson, 1979;
Shi and Goodman, 1981; Warburton, 1981) and probabilistic approaches (McMahon, 1975;
Morriss and Stoter, 1983; Priest and Brown, 1982; Read and Lye, 1983) for rock mechanics
studies. The advent of the micro-computer and the rapid developments which have taken place in
inexpensive hardware have brought us to the era of acomputeronev ery prof essi onal *®
power of these machines is transforming our approach to rock mechanics analysis since it is now
possible to perform a large number of sensitivity or probabilistic studies in a fraction of the time
which was required for a single analysis a few years ago. Given the inherently inhomogeneous
nature of rock masses, such sensitivity studies enable us to explore the influence of variations in
the value of each input parameter and to base our engineering judgements upon the rate of
change in the calculated value rather than on a single answer.

SRS S

asting in a tunnel. (Hoek, 2007)

Figure 3: An example of good blasting in a tunnel. (Hoek, 2007)
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3.2 Numerical methods

Most underground excavations are irregular in shape and are frequently grouped close to other
excavations. These groups of excavations can form a set of complex three-dimensional shapes.
In addition, because of the presence of geological features such as faults and dykes, the rock
properties are seldom uniform within the rock volume of interest. Consequently, closed form
solutions are of limited value in calculating the stresses, displacements and failure of the rock
mass surrounding underground excavations. The development of the computer in the early 1960s
made possible the use of iterative numerical techniques such as finite element, boundary
element, discrete element and combinations of these methods to give the hybrid models. These
have become almost universal tools in rock mechanics providing the means to obtain more
accurate solutions to rock engineering problems. Numerical methods for the evaluation of
deformations and analysis of stress driven problems in rock mechanics can be divided into these
classes: Boundary discretization methods, in which only the boundary of the excavation is
divided into elements and the interior of the rock mass is represented mathematically as an
infinite continuum (Crouch and Starfield, 1983). These methods are normally restricted to elastic
analyses. Domain discretization methods, in which the interior of the rock mass is divided into
geometrically simple elements each with assumed properties. The collective behaviour and
interaction of these simplified elements model the more complex overall behaviour of the rock
mass. In other words domain methods allow consideration of more complex material models
than boundary methods. Finite element and finite difference methods are domain techniques
which treat the rock mass as a continuum (Clough, 1960). The distinct element method is also a
domain method which models each individual block of rock as a unique element (Cundall,
1971). In domain methods, a significant amount of effort is required to create the mesh that is
used to divide the rock mass into elements. In the case of complex models, such as those
containing multiple openings, meshing can become extremely difficult. In contrast, boundary
methods require only that the excavation boundary be discretized, and the surrounding rock mass
is treated as an infinite continuum. Since fewer elements are required in the boundary method,
the demand on computer memory and on the skill and experience of the user is reduced. The
availability of highly optimized mesh-generators in many domain models has narrowed this
difference to the point where most users of domain programs would be unaware of the mesh
generation problems discussed above and hence the choice of models can be based on other
considerations. These boundary discretization and domain discretization classes of analysis can
be combined in the form of Hybrid method in order to maximize the advantages and minimize
the disadvantages of each method (Von Kimmelmann et al., 1984; Lorig and Brady, 1984). Two-
dimensional models also can be used for the analysis of stresses and displacements in the rock
surrounding a tunnel, shaft or borehole, where the length of the opening is much larger than its
cross-sectional dimensions. On the other hand, an underground powerhouse or crusher chamber
has a much more equi-dimensional shape and the effect of the end walls cannot be neglected. In
this case, it is much more appropriate to carry out a three-dimensional analysis of the stresses
and displacements in the surrounding rock mass by means of three-dimensional models. Before
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selecting the appropriate modelling technique for particular types of problems, it is necessary to
understand the basic components of each technique.

3.2.1 Boundary Discretization Methods

The boundary discretization or element method derives its name from the fact that only the
boundaries of the problem geometry are divided into elements. In other words, only the
excavation surfaces, the free surface for shallow problems, joint surfaces where joints are
considered explicitly and material interfaces for multi-material problems are divided into

el ement s. I n fact, sever al types of boundary
boundary el ement met hod*™ (Crouch and Starfie
follows:

A. Indirect (Fictitious Stress) method, so named because the first step in the solution is to

find a set of fictitious stresses that satisfy prescribed boundary conditions. These stresses are then
used in the calculation of actual stresses and displacements in the rock mass.

B. Direct method, so named because the displacements are solved directly for the specified
boundary conditions.

C. Displacement Discontinuity method, so named because the solution is based on the
superposition of the fundamental solution of an elongated slit in an elastic continuum and
shearing and normal displacements in the direction of the slit.

The differences between the first two methods are not apparent to the program user. The direct

method has certain advantages in terms of program development, as will be discussed later in the
section on Hybrid approaches. The fact that a
also be a disadvantage. For example, a heterogeneous rock mass consists of regions of finite, not

infinite, extent. Special techniques must be used to handle these situations. Joints are modelled

explicitly in the boundary element method using the displacement discontinuity approach, but

this can result in a considerable increase in computational effort. Numerical convergence is often

found to be a problem for models incorporating many joints. For these reasons, problems,

requiring explicit consideration of several joints and/or sophisticated modelling of joint

constitutive behaviour, are often better handled by one of the domain methods such as finite

elements. A widely-used application of displacement discontinuity boundary elements is in the
model l ing of tabul ar ore bodies. Her e, the e
which is initially filled with ore. Mining is simulated by reduction of the ore stiffness to zero in

those areas where mining has occurred, and the resulting stress redistribution to the surrounding

pillars may be examined (Salamon, 1974, Von Kimmelmann et al., 1984).
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3.2.2 Domain Discretization Methods

A. Finite element and finite difference methods

In practice, the finite element method is usually indistinguishable from the finite difference
method,; thus, they will be treated here as one and the same. For the boundary element method, it
was seen that conditions on a domain boundary could be related to the state at all points
throughout the remaining rock, even to infinity. In comparison, the finite element method relates
the conditions at a few points within the rock (nodal points) to the state within a finite closed
region formed by these points (the element). In the finite element method the physical problem is
modelled numerically by dividing the entire problem region into elements. The finite element
method is well suited to solving problems involving heterogeneous or non-linear material
properties, since each element explicitly models the response of its contained material. However,
finite elements are not well suited to modelling infinite boundaries, such as occur in underground
excavation problems. One technique for handling infinite boundaries is to discretize beyond the
zone of influence of the excavation and to apply appropriate boundary conditions to the outer
edges. Another approach has been to develop elements for which one edge extends to infinity i.e.
so called 'infinity' finite elements. In practice, efficient pre- and post-processors allow the user to
perform parametric analyses and assess the influence of approximated far-field boundary
conditions. The time required for this process is negligible compared to the total analysis time
(Clough, 1960).

B. Distinct Element Method

In ground conditions conventionally described as blocky (i.e. where the spacing of the joints is of
the same order of magnitude as the excavation dimensions), intersecting joints form wedges of
rock that may be regarded as rigid bodies. That is, these individual pieces of rock may be free to
rotate and translate, and the deformation that takes place at block contacts may be significantly
greater than the deformation of the intact rock. Hence, individual wedges may be considered
rigid. For such conditions it is usually necessary to model many joints explicitly. However, the
behaviour of such systems is so highly non-linear, that even a jointed finite element code,
employing an explicit solution technique, may perform relatively inefficiently (Cundall, 1971).

3.2.3 Hybrid Method

The objective of a hybrid method is to combine the above methods in order to eliminate
undesirable characteristics while retaining as many advantages as possible. For example, in
modelling an underground excavation, most non-linearity will occur close to the excavation
boundary, while the rock mass at some distance will behave in an elastic fashion. Thus, the near-
field rock mass might be modelled, using a distinct element or finite element method, which is
then linked at its outer limits to a boundary element model, so that the far-field boundary
conditions are modelled exactly. In such an approach, the direct boundary element technique is
favoured as it results in increased programming and solution efficiency (Von Kimmelmann et al.,
1984). Lorig and Brady (1984) used a hybrid model consisting of a discrete element model for
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the near field and a boundary element model for the far field in a rock mass surrounding a
circular tunnel.

3.2.4 Two-dimensional and three-dimensional models

A two-dimensional model, such as that illustrated in Figure 1, can be used for the analysis of
stresses and displacements in the rock surrounding a tunnel, shaft or borehole, where the length
of the opening is much larger than its cross-sectional dimensions. The stresses and displacements
in a plane, normal to the axis of the opening, are not influenced by the ends of the opening,
provided that these ends are far enough away. On the other hand, an underground powerhouse or
crusher chamber has a much more equi-dimensional shape and the effect of the end walls cannot
be neglected. In this case, it is much more appropriate to carry out a three-dimensional analysis
of the stresses and displacements in the surrounding rock mass. Unfortunately, this switch from
two to three dimensions is not as simple as it sounds and there are relatively few good three-
dimensional numerical models, which are suitable for routine stress analysis work in a typical
engineering design office. EXAMINE3D (www.rocscience.com) is a three-dimensional
boundary element program that provides a starting point for an analysis of a problem in which
the three-dimensional geometry of the openings is important. Such three-dimensional analyses
provide clear indications of stress concentrations and of the influence of three-dimensional
geometry. In many cases, it is possible to simplify the problem to twodimensions by considering
the stresses on critical sections identified in the three-dimensional model (Hoek, 2007). It is
recommended that, where the problem being considered is obviously three-dimensional, a
preliminary elastic analysis be carried out by means of one of the three-dimensional boundary
element programs. The results can then be used to decide whether further three-dimensional
analyses are required or whether appropriate two-dimensional sections can be modelled using a
program such as PHASE2 (www.rocscience.com), a powerful but user-friendly finite element
program that generally meets the needs of most underground excavation design projects.

4.0 Case Histories

4.1  Tunnel shape

Most contractors like a simple horseshoe shape for tunnels since this gives a wide flat floor for
the equipment used during construction. For relatively shallow tunnels in good quality rock this
is an appropriate tunnel shape and there are many hundreds of kilometres of horseshoe shaped
tunnels all over the world. In poor quality rock masses or in tunnels at great depth, the simple
horseshoe shape is not a good choice because of the high stress concentrations at the corners
where the sidewalls meet the floor or invert. In some cases failures initiating at these corners can
lead to severe floor heave and even to failure of the entire tunnel perimeter as shown in Figure 4.

75



International Journal of Advanced Academic Research | Sciences, Technology and Engineering | ISSN: 2488-9849
Vol. 6, Issue 4 (April 2020)

Figure 4: Failure of the lining in a horseshoe shaped tunnel in a highly stressed poor quality rock mass.
This failure initiated at the corners where the invert meets the sideddisk, 2007)

48,5907

Figure 5: Dimensions of a 10 m span modified horseshoe tunnel shape designed to overcome some of the
problems illustrated in Figure 4. (Hoek, 2007)

The stress distribution in the rock mass surrounding the tunnel can be improved by modifying
the horseshoe shape as shown in Figure 5. In some cases this can eliminate or minimize the
types of failure shown in Figure 4 while, in other cases, it may be necessary to use a circular
tunnel profile.
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Figure 6: Comparison of three tunnel excavation profiles using EXAMINE2D. The contours are for the
Strength Factor defined by the ratio of rock mass strength to the induced stress at each point. The

deformed bundary profile (exaggerated) is shown inside each excav@tioek, 2007)

From Figure 6 above,
In situ stresses: Major principal stress 01 = 10 MPa; Minor

principal stress 05 = 7 MPg;
Intermediate principal stress 0,=9MPa;
’ Inclination of major principal stress to the horizontal axis = 15°

Rock mass properties: Friction angle ¢ = 35° Cohesionc =1
MPa; Tensile strength = zero Deformation modulus E = 4600 MPa

The application of the program EXAMINE2D to compare three tunnel shapes is illustrated in
Figure 6. Typical “average” in situ str
and the three figures compare Strength Factor contours and deformed excavation profiles
(exaggerated) for the three tunnel shapes.

It is clear that the flat floor of the horseshoe tunnel (top figure) allows upward displacement or
heaving of the floor. The sharp corners at the junction between the floor and the tunnel sidewalls
create high stress concentrations and also generate large bending moments in any lining installed
in the tunnel. Failure of the floor generally initiates at these corners as illustrated in Figure 4.
Floor heave is reduced significantly by the concave curvature of the floor of the modified
horseshoe shape (middle figure). In marginal cases these modifications to the horseshoe shape
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may be sufficient to prevent or at least minimize the type of damage illustrated in Figure 4.
However, in severe cases, a circular tunnel profile is invariably the best choice, as shown by the
smooth Strength Factor contours and the deformed tunnel boundary shape in the bottom figure in
Figure 6.

4.2  Large underground caverns

A typical underground complex in a hydroelectric project has a powerhouse with a span of 20 to
25 m and a height of 40 to 50 m. Four to six turbine-generator sets are housed in this cavern and
a cutaway sketch through one of these sets is shown in Figure 7. Transformers are frequently
housed in a chamber or gallery parallel to the powerhouse. Ideally these two caverns should be
as close as possible in order to minimize the length of the bus-bars connecting the generators and
transformers. This has to be balanced against the size and hence the stability of the pillar
between the caverns.

NN
Figure 7: Cutawaysketch of the layout of an underground powerhouse cavern and a parallel transformer
gallery.
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The relative location and distance between the caverns is explored in the series of EXAMINE2D
models shown in Figure 7, using the same in situ stresses and rock mass properties as listed in
Figure 6.

Strength Factor
tension
0.3
0.8
‘ 1.3
1.8
5 2.3
2.9
3.4
3.9
- 4.4
5.0
525
unbounded

‘ Figure 8: Comparison of three underground powerhouse and transformer

@ gallery layouts, using EXAMINE2D. The contours are for the Strength
Factor defined by the ratio abck mass strength to the induced stress at
l each point. The deformed boundary profile (exaggerated) is shown inside
each excavation. (Hoek, 2007)
@
'

From Figure 8 above,
In situ stresses: Major principal stress 0, = 10MPa; Minor principal
stress 05 = 7 MPa
Intermediate stress 0, = 9 MPa;
Inclination of major principal stress to the horizontal axis = 15°
@ 4 Rock mass properties: Friction angle ¢ = 35° Cohesion ¢ =1 MPa;
‘ Tensile strength = zero Deformation modulus E = 4600 MPa
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Figure 9: Displacement vectors and deformed excavation shapes for the underground powerhouse and
transformer gallery. (Hoek, 2007)

A closer examination of the deformations induced in the rock mass by the excavation of the
underground powerhouse and transformer gallery, in Figure 9, shows that the smaller of the two
excavations is drawn towards the larger cavern and its profile is distorted in this process. This
distortion can be reduced by relocating the transformer gallery and by increasing the spacing
between the galleries as has been done in Figure 8. Where the combination of rock mass strength
and in situ stresses is likely to cause overstressing around the caverns and in the pillar, a good
rule of thumb is that the distance between the two caverns should be approximately equal to the
height of the larger cavern (Hoek, 2007).

5.0 CONCLUSION

Geotechnical modelling concepts such as laboratory testing of rock materials, measurement of in
situ stress, rock enforcement and support design are essential to ensuring stability of structures.
The typical problems, critical parameters, methods of analysis and criteria for acceptance of
geotechnical models made possible by computational enhancements, can be applied to certain
rock engineering structures to better analyze induced stresses in rocks and present novel and
sustainable solutions to challenges that might arise in constructions and other engineering works,
on and in rocks.
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