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FINITE ELEMENT MODELLING OF TRANSPORTATION TUNNELS
ABSTRACT

by
Haluk Bayrakdar

The aim of this thesis is to determine the ground deformation and stress
distribution around highway tunnels at various stages of excavation and for several
support conditions using finite element modelling techniques.

When ground is excavated and material removed the subsequent
redistribution of stress in the remaining surrounding material needs to be treated by
one of three methods. These are the gravity difference method, the stress reversal
technique and the relaxation approach. The first two methods were chosen for the
simulation of excavation in this study.

The tunnel data are in the form of the dimensions of the tunnel, heights of
the rock layers, details of the shotcrete lining and tunnel support systems. A pre-
processing program was written to transform this information into a finite element
mesh in a format suitable for use by PAFEC-FE software. This enables different
tunnel models and meshes to be produced with minimum error and time.

The lack of adequate post-processing facilities available in PAFEC-FE
dictated that computer programs needed to be written in order to reformat the
textual output files and process the mesh stress and displacement outputs for
graphical display using UNIRAS. In this way repeated use could be made of
PAFEC-FE without time-consuming and error-prone manual retrieval of data.

The tunnels were modelled at various stages of excavation and with such
support provided at those stages as to allow the computed displacements to be
compared with measurements made on highway tunnels in Turkey. The stresses
generated in the tunnel supports and surrounding ground were also calculated to
enable the possibility of damage or failure of the support structure or ground to be
assessed and the selection of an optimal support system. Insertion of a support
system into the model has a marginal effect on the development of rock strength

around an excavation boundary.
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CHAPTER1

INTRODUCTION

1.1 Definition of Tunnel

A tunnel may be defined as a “long, narrow, essentially linear excavated
underground opening with a length greatly exceeding its width or height.” Most
tunnels are driven substantially on the level, or with a shallow inclination, but for
special purposes may be driven at angles up to 30 degrees. Long, linear sub-
surface excavations at angles greater than 30 degrees from the horizontal are

generally referred to as shafts or adits.
1.2 Tunnel Design and Tunnelling Techniques

When people started living in the Eastern Mediterranean countries, one of
the most urgent problems was that of bringing water from considerable distances to
those places. For centuries, starting with the Romans in about 1200 BC, to the
declining years of the Roman Empire, tunnels were constructed as part of elaborate
aqueduct systems. The modern tunnel age started with construcﬁon of the railroads
and development of rapid transit systems, and infrastructure generation in urban

areas.
1.2.1 Tunnel Design

Figure 1.1 shows a general design procedure for tunnelling. There are two

main steps in the design of underground openings in rock as follows.
i) Modelling of underground openings in terms of geometry, dimensions,
rock mass characterisation and boundary conditions, including in situ

stresses based on observation and experiments.
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ii) Selecting an approach for analysis of problems in terms of stress
concentrations, deformations based on theory and/or support
mechanism.

The design of tunnels in rock currently utilises five main approaches; experimental,
empirical, observational, analytical and numerical.

In view of the very complex nature of rock masses and difficulties
encountered with their characterisation, the analytical approach is the least used in
the present engineering practice. The reason for it does not lie in the analytical
techniques themselves. Analytical solutions have been developed to a high degree
of sophistication but they are unable to furnish the necessary input data as the
ground conditions are rarely enough explored. Consequently, such analytical
techniques are mainly useful for assessing the influence of the various parameters
or processes and for comparing alternative design schemes.

The observational and experimental approach are based on observations
and monitoring of tunnel behaviour during construction and selecting or modifying
the support as the project proceeds. The New Austrian Tunnelling Method
(NATM) is the good example of the observational approach. The support is
adjusted during construction to meet the changes in ground conditions. In practice,
a combination of rock bolts and shotcrete is used to prevent excessive loosening in
the rock mass but allowing it to deform sufficiently to develop arching and self
support characteristics. However the problem with this approach is that it requires
special contractual provisions.

The empirical approach relates the experience encountered at previous
projects to the conditions anticipated at a proposed site. If an empirical design is
supported by a systematic approach to ground classification, it can effectively
utilise the valuable practical experience gained at many projects. Rock
classifications, which form the empirical design approach, are widely employed in
rock tunnelling and most of tunnels constructed at present in Turkey use of
classification system. The most extensively used and best known of these are the
Rock Mass Rating (RMR) system (or geomechanics classification), the Q-system

and the Terzaghi classification which was introduced over 40 years ago.
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The empirical approach may be especially reasonable if experiences from a
successful tunnelling project can be applied to a similar one. Such a transfer of
information is justified only when;

i) the ground conditions, including groundwater, are comparable,

ii) the dimensions of the tunnel and its cross-sectional shape are similar,
iii) the depths of overburden are approximately the same, and
iv) the tunnelling methods to be employed are the same.

The disadvantages of the empirical approach are that an appropriate tunnel
design can be applied without a consistent safety assessment and the structure may
be designed over-conservatively. Consequently, construction costs will be higher.

The capability of numerical approaches is large (Zienkwiecz, 1989),
although it is still difficult to cover collapse modes by numerical analyses.
Plasticity, viscosity, fracture of the rock, non-linear stress-strain and deformation
behaviour etc. may be covered by special assumptions for material laws and
applying numerical methods like those of the finite element method, the boundary
element method, or a combination of both (Swoboda, 1990). For tunnel structures
the ground provides the principal stability of the opening in rock and the
geometrical properties of the underground opening can be modelled by numerical
analysis. For instance, in the case of tunnels, a continuum or discontinuum model

is necessary.

1.2.2 Tunnelling Techniques

The excavation and construction methods can significantly affect the
support system requirements. Support loading can be minimised by the use of
construction methods such as controlled blasting, full face machine excavation
using a tunnel boring machine (TBM) or the NATM which should cause minimum
overbreak or damage to the rock near to the tunnel surface. Geological conditions
also change from one section of a tunnel to another. As a result, support system
requirements may need to be altered during tunnel construction. Therefore the

support system should be capable of responding to these changes by providing for
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variations in strength or system modiﬁcations. The loosened rock remaining in
place loads the primary or ‘initial’ support (shotcrete, steel arch or rock bolts). Its
thickness may be twice as great as a result of using control blasting rather than full
face machine excavation. Machine excavation generally can result in less
overbreak than with blasting methods and create minimum disturbance to the
ground at depth. As noted above, the essential function of support in a tunnel
excavation is to re-establish the equilibrium of forces disturbed by excavation. For
instance, the use of shotcrete alone for initial support is not recommended when
large overbreak exists at the tunnel periphery because the resulting non-uniform
stress concentration can seriously reduce the stabilising influence of the shotcrete
(Attewell, 1995).

A tunnel support system can include a primary (initial) lining (shotcrete,
anchorages or rock bolts, steel arches) and a secondary (final) lining, often of cast
in situ or slip-formed concrete. Most tunnels are lined in two stages. The first
stage is the primary lining constructed as soon as possible after the excavation
process. The function of this lining is to provide support for the ground and to
inhibit the direct, unimpeded entry of water. Steel arches, the function of which is
to provide transfer of force from rock to support, may form part of the primary
support. The term “rock reinforcement” refers to the placement of dowels or rock
bolts, usually in the form of rock anchors at a fairly uniform spacing to consolidate
the rock and reinforce the rock’s natural tendency to support itself. In general,
when tunnelling in rock, initial support should be installed immediately behind the
tunnel face whether the support consists of rock bolts, shotcrete or steel arches, or a
combination of these. In this manner, further rock loosening is prevented or
minimised and maximum advantage is taken of the inherent ability of the rock to
support itself. The second stage is a secondary or final (permanent) lining placed to
prevent the effects of any additional loads which may develop after construction of
the primary lining. A final lining is also placed to provide a smooth internal profile
for the tunnel.

The NATM system may be characterised by the following three points.
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i) It is rooted in the basic principle of tunnelling, i.e. “the tunnel should
be supported by the surrounding ground as much as possible”.

ii) For adhering to the basic principle of tunnelling and preserving the
strength of the surrounding ground, a flexible support system such as
shotcrete and or rock bolts is efficiently applied based on a second
principle of tunnelling, i.e., “permit elastic deformation in ground, but
exclude loosening it”.

iii) Field measurements in the form of in situ monitoring are efficiently
applied in order to confirm whether the flexible support system is
functioning satisfactorily and to indicate when the time is right for
placement of the final tunnel lining.

Kovari (1994) demonstrates that these basic principles of tunnelling are not
exclusive to the NATM but have been adopted on basic of experience for tunnel
constructions throughout the world over a period of many years. Irrespective of
the NATM, it is important to clarify and understand the mechanical behaviour of

the surrounding ground in connection with tunnelling.

1.3 Rock Mass Classification Systems

Rock mass properties more than any other factor determine the degree of
difficulty and the cost of excavating and supporting an underground opening of a
given size. This is because the ground conditions greatly influence the choice of
excavation method which in turn affects construction costs. Discontinuities are
present in all rock masses in the form of planes or surfaces separating intact blocks
of rock. Geologically these discontinuities are recognised as joints, faults, bedding
planes or cleavage planes.

The strength and deformation characteristics of a rock mass are influenced
in part by the physical properties of intact blocks of rock and in part by the
properties of the discontinuities between the blocks.  When evaluating
discontinuities between blocks. consideration should be given to the spacing,

orientation, extent of chemical alteration, and condition of joint in filling material.
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For example, joints filled with low shear strength clay material can cause serious
support problems during excavation of the tunnel. The principal aims of any rock
classification system in connection with tunnelling operations can be summarised
as follows ;

i) to predict rock behaviour in comparison with behaviour observed in
other tunnels,

ii) to divide a particular tunnelling job into sections according to expected
rock behaviour so that support details can be planned and the tunnelling
work priced on the basis of reference ground conditions.

Some classification systems permit a direct estimate of the design loads or of the
stand-up time.

Engineering classifications of rock masses for the design of tunnel support
are detailed in many publications such as, Bieniawski (1984, 1989 and 1992),
Hoek and Brown (1980), Mahtab and Grasso (1992), Sinha (1991), Whittaker and
Frith (1990). Major rock classifications currently in use are given in Table 1.1. In
practice most of these indexing systems have been correlated with a wide variety of
rock mass properties. The classification developed by the Terzaghi (1946) is for
determining rock loads on steel sets. Lauffer’s (1958) classification was developed
for estimating the stand-up time, the maximum elapsed time that can be allowed
between excavation and support installation.

One particular rock classification system, based on the Rock Quality
Designation (RQD) was proposed by Deere (1963). Barton et al. (1974) combine
empirical correlations based on numerous case studies together with
geomechanical parameters that should be entered in a classification scheme for
tunnel support determinations.

The engineering intact rock classification proposed by Deere and Miller
(1966) has been widely recognised as particularly realistic and convenient for use
in the field of rock mechanics. The International Society of Rock Mechanics
(ISRM) commission on rock classification recommended different ranges of values

for intact rock strength (ISRM, 1981).
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ii) drill core quality: the Deere (1963) RQD classification is used as a
measure of drill core quality,

iii) spacing of joints: in this context, the term joint is used to mean all
discontinuities which may be joints; faults; bedding planes and other
surfaces of weakness,

iv) condition of joints: this parameter accounts for the separation or
aperture of joints; their continuity; the surface roughness and presence
of filling materials in the joints,

v) ground water conditions.

A number of points, or a rating, is allocated to each range of values for each
parameter and an overall value for the rock mass is arrived at by adding the ratings
for each of the parameters. Bieniawski (1984) relates his rock mass rating (or total
rating score for the rock mass) to the stand-up time of an active unsupported span
as originally proposed by Lauffer. The proposed relationship, unsupported length
of tunnel and other details of the RMR rock classification are given by Bieniawski
(1984, 1989).

The Q system which is also known as the NGI (Norwegian Geotechnical
Institute) tunnelling quality index was developed by Barton and co-workers of the
Norwegian Geotechnical Institute. The Q-system is based on a numerical

assessment of the rock mass quality using six different parameters;
i) RQD;
ii) number of joint sets (J,, );
iii) roughness of the most unfavourable joint or discontinuity (J,);
iv) degree of alteration or filling along the weakest joint (J,);
v) water inflow ( J,,); and

vi) stress conditions express in terms of the stress reduction factor (SRF).
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Numerical values of each of above parameters are given as a table by

Barton et al. (1974). The Q value is calculated by the formula:

0=(ROD/J,)x(J,/J,)x(J,/SRF) (1.1)

The Q value is related to tunnel support requirements by defining the equivalent

dimensions (B,,) of the excavation which is calculated as :

B

B, =—— 1.2
@ = EoR (1.2)

where B is excavation span, diameter, or height and ESR is defined as the
excavation support ratio which is given as a table according to the excavation

category by Barton et al. (1974).

In the case of the subdivision of a tunnel profile the classification can apply
to the top heading of the tunnel. If the rock in the lower portion of the tunnel
(bench and invert) differs considerably from that in the top heading, the support is
adapted to conform to the actual rock conditions. The behaviour of the rock at the
face of a tunnel excavation is time dependent, in the sense that a trend towards
instability will be faster in poor quality rock and with long free spans of
unsupported rock. Accordingly, the maximum length of advance that can be
excavated before instability develops is a function of rock quality and can be a

parameter in the overall rock classification.

1.4 In Situ Stress Changes and Deformation

1.4.1 In Situ Stress State

In situ stresses are natural stresses which exist in the rock mass prior to any
excavation. The initial ground state of stress at a point in a rock mass is the
product of various events in the geological history of the rock mass. Therefore, the

natural stresses present may be the resultant of many earlier states of stress.
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1.4.1.1 In Situ Stresses due to Gravity

If a geologically undisturbed rock mass is considered, the vertical
component of the ground stress (o,) is due to the effect of gravity on the mass of
the above rock. In a homogeneous rock mass, when the rock density (p) is
constant, the vertical stress is the pressure exerted by the weight of a column of
overlying rock of unit cross-sectional area. Taking the origin to be at the surface
and directing the y-axis vertically downwards, the vertical component of the
ground stress is

Oy=0, =pgh (1.3)
where g is the acceleration due to gravity and h is the depth below surface. In the
case of a horizontally stratified rock mass, either a mean density is used in equation

(1.3) or a summation process is employed as indicated by the following equation.

c,=). p; gh (1.4)
i=1

In equation (1.4) p; and h; denote the density and thickness of the individual strata
beds respectively. Most measurement carried out to determine the initial states of
stress indicates that, for geological undisturbed rock masses, equation (1.4) gives
an acceptable value for the vertical component of ground stresses.

The horizontal ground stress components are also found to be dependent on
the depth below surface. In relatively undisturbed rock mass, both horizontal
components are generally found to be equal, Gy = G,. Their relationship to the
vertical stress is usually specified by a constant K, where

o,=0,=Ko,. (1.5)

It is considerably more difficult to determine the horizontal stresses (and
hence the value of K) than the magnitude of the vertical ground stress component
acting at a point. The lowest possible limiting value of ‘K’ for a set of conditions
is generally derived frbm the assumption that, on loading an isotropic, linearly-
elastic rock element by the overlying column of rock, the horizontal movement is
inhibited by the presence of the neighbouring rock elements. It is easy to show that

in this case, K is dependent on Poisson’s ratio (v ) of the rock. and is given by
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Residual stresses are defined as stresses remaining in rock masses even
after their causes have been removed. The existence of residual stress is usually
explained in the following manner. During the previous history of a rock mass, it
may have been subjected to higher stresses than it is subjected to at the present
time. On removal of the load causing the higher stresses, the relaxation of the rock
is resisted by the interlocking mineral grains, the shear stresses along fractures.
Thus part of the earlier existing high stresses remain locked in the rock as residual
stress. If the stresses are locked in on a scale less than the representative
dimension of the excavation, then the residual stresses will affect only the strength
of the rock. However, if the stresses are locked in on a scale larger than the
dimension of the excavation, the residual stresses will be added to the load applied
to rock mass.

Consequently, neither tectonic nor residual stresses magnitudes are possible
to predict even to a fair degree of certainty without the measurement of in situ
stresses. In order to obtain a reasonable knowledge of the state of virgin stress in a
region, one must be familiar with its geology, collect and analyse the results of
previous stress measurements, and observe the effects of natural stresses on

existing structures in rock.

1.4.2 Stress Changes due to Tunnelling

Underground rock masses are usually in a state of static equilibrium and
subjected to states of stress under the action of gravity and tectonic forces of
various origins before disturbance by engineering construction. Forces in the
ground have been acting for so long a period that all variations of material
deformation with time have subsided unless renewed by tectonic activity. The
forces on each element of ground, and the compression produced by these forces,
are fixed and substantially in static equilibrium. In particular, the forces acting
inwards on the proposed tunnel periphery are balanced exactly by the forces acting
outwards in the rock or soil mass within the periphery. Extraction of ground to

form a tunnel removes some of the force-carrying components, disturbs the pre-
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existing equilibrium, and causes a redistribution of the forces acting on the
remaining elements of ground. The change in force acting on a component in turn
produces a change in deformation. If the deformation is excessive, the rock
surrounding the tunnel moves inwards at the void. Deformations continue until the
forces are re-equilibrated within the ground. Provided that the redistribution of
forces in rock does not produce excessive rotation of blocks of ground or tension
across any fractures such as joints (the effects which may occur depending on load
distribution and joint orientation) then the system will approach equilibrium, or
stabilise with inward deformation. It is possible, however, that the tangential
(compressive) forces that must be developed in the unsupported peripheral ground
for equilibrium to be established require intolerably high deformations and/or
exceed the compressive strength of the ground, so leading to failure of the wall of
the excavation.

In such cases it becomes necessary to install a resistant tunnel lining, or
‘initial (primary) support’. The rate at which the readjustments occur depends on
the nature of the ground and any discontinuities in it, the intensity of the stress
change compared to the strength of the ground mass, and the extent to which the
excavation procedures have weakened the ground. These factors will dictate the
so-called “stand-up time “ of the opening that is, the length of the time after
excavation that a section of tunnel can be left unsupported. Lauffer (1958)
attempted to formulate stand-up times for tunnels in rock under various geological
conditions. His work has been discussed and noted by Bieniawski (1984).
A support system cannot replace in technical effectiveness the action of the rock
that was excavated. As soon as deformation starts, which is usually deep into the
face, some of the load that was carried by the excavated rock is transferred to the
rock surrounding the tunnel. For the tunnel walls to be able to sustain these loads,
it is necessary that they maintain some degree of integrity. Even the rock that is
broken by the action of support withdrawal can offer some support to the
redistributed load, but only if it is prevented from falling out of the tunnel roof and
walls. Rational and economic design of a tunnel lining has to be based on an

understanding of the ground-support interaction. Even though an exact calculation
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is not possible, formulation of a realistic model should always be a guideline for
design calculations. All calculations involve to a greater or lesser degree
simplifications and idealisations of the real problem. However, tunnel design
methods are much less sound approximations to the true structural behaviour of the
ground than are most other civil engineering design methods because of the
complexity of the problem, the general lack of information about the ground at
depth (one of the principal components in the structure), and the paucity of field

investigations which could provide more practical guidelines.
1.4.3 Deformation due to Tunnelling

Factors affecting the type and magnitude of ground movements associated
with tunnelling can be summarised as follows. |

i) The geological factor is dominant in the determination of ground
deformation associated with tunnel excavations.

ii) This factor, together with the properties of the rock influence to some
extent the choice of type of excavation and supporting system.

iii) The geometrical factor is also important for stability of excavations.
The dimension ratio (depth / clear width) of the tunnel is directly related
to stability of tunnel.

iv) Ground movements are also dependent on the particular details of the
construction and its progress and upon the quality of the equipment
used.

Taking account of the particular character of the ground stress regime, the
engineer chooses the appropriate type of support (shotcrete, anchorages, inner
lining or pre-cast segments and so on) and decides on the suitable method of
excavation. In the case of difficult ground conditions, in the form of longitudinal
variations of lithology and structure along the tunnel axis and centre line, ground
stabilisation might be an effective way of preventing severe and unacceptable
ground deformation. Geotechnical processes, although very useful, in

unfavourable ground conditions, must be used with care especially when the tunnel
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is driven beneath urban areas because it can happen that the stabilisation of the
ground around the tunnel may only be at the cost of inducing ground instability in
the foundations of the nearby buildings (Attewell, 1995).

It may be argued that ground movements will always occur during
construction whatever the effectiveness of the supporting system. These
deformations usually take the form of;

i) an inward movement of rock on the side walls,
ii) an upward movement of the base (invert) of excavation
and iii) a surface settlement resulting from the ground loss of the side walls.
The third type of movement is probably the most serious because it is the most

likely to occur, and thus place at risk the foundations of nearby buildings.

1.5 Numerical Methods in Tunnelling

Computation procedures to investigate the stability of engineering
structures in rock must be able to deal with general three-dimensional states of
stress as well as the usual elastic-viscoplastic and anisotropic rock and soil mass
characteristics. It is not possible to include these aspects in a mathematical
solution using analytical approaches. The only way to solve such complex
problems lies in the application of numerical procedures of computation. One of
them is known as the finite element method and has been developed significantly
in recent years. However, this computational procedure also needs to be specially
adapted for geotechnical engineering purposes.

The analysis method uses a numerical finite element model for a simulated
elastic, homogeneous or heterogeneous body. Numerical modelling is particularly
suitable for non-circular and irregular tunnel cross-sections. It is unlikely that
circular cross-section tunnels driven in soil for the purposes of low pressure water
or sewage transfer, and lined-out with long-established support systems, will need
to have their lining support design and checked for structural integrity as a routine
procedure. On the other hand, transportation tunnels of non-circular configuration

driven in variable rock, often intrinsically weak and highly discontinuous, and
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using several support systems will invariably require the installation of some quite
sophisticated monitoring equipment. But such installations should also require the
use of one or more suitable modelling systems, specifically these days of a
computational nature. Models that are answerable to the sequential changes of the
geometrical variables and of the ground and lining are a prime requirement.
Computationally the modelling systems can take several forms, of which the finite
element, boundary element and finite difference forms are the best known. A finite
element form of modelling, in which a solid is discretized for better internal and
boundary definition of displacements, strains and stresses, was thought to be most
appropriate for modelling tunnels. But finite element (FE) models need to be
calibrated, and this can be done only by using in-tunnel data from actual tunnels.

1.6 Aim and Organisation of Thesis

The aim of the present thesis is to examine ground displacement and
ground stress concentration in association with primary and secondary support for
two tunnels being constructed in Turkey, namely the Kisikli and Tantavi tunnels.
For these tunnels the magnitude of the ground deformation is normally higher in
the vicinity of opening where ground failure takes place. In this context, the main
question is the prediction of the magnitude and quantity of the main parameters of
the ground deformation and its numerical modelling conditions associated with
tunnel support systems such as shotcrete , anchorage, steel arches and inner lining.

This is probably understandable from the point of view of simple
economics, since the establishment of a numerical model of ground is far simpler
and cheaper than the sinking of boreholes and the operation of continuous
subsurface surveys with the aid of inclinometers, magnetic detectors and other
instrumentation. Therefore, it is not surprising that during that last ten years, well-
documented case histories for numerical modelling of geotechnical engineering
problems have appeared in the literature.

A commercial software package (PAFEC-FE, version 7.4, marketed by a

Nottingham-based international company) has been used for this modelling work
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but, as is always the case with such packages, adaptation to a specific problem can
be filled with difficulty. Some of these difficulties are described later in the thesis.

In order to perform a tunnel simulation with PAFEC-FE it has been
necessary to first form a text file containing details of model mesh (nodal co-
ordinates and element topologies, type of element used, material properties), list of
control commands, dictating the type of simulation to be performed, the restraints
and conditions to be applied to the model. Output from the program consisted of
text files containing the requested values (stresses, displacements and so on) for the
model. These output files can be examined and analysed. Simulation runs could
take between a few minutes and many hours to complete, depending on model
complexity, test type and system load. The most time-consuming part of
producing the input file is in establishing the finite element mesh. The qualities of
the mesh are important for the success of the simulation. This process can be
simplified by making use of automatic or semi-automatic mesh generation.
PAFEC-FE pafblocks are used for this purpose and their usage will be described
later. Mesh generation may also be aided by a pre- processor. In the case of
PAFEC-FE , there is the PIGS (PAFEC-Program Interactive Graphics System) but
this is fairly limited. This means that for any reasonable analysis it is necessary for
the user to write programs capable of pre-processing tunnel input data and which
transform the tunnel parameters into a finite element mesh.

The input data are in the form of the dimensions of the tunnel, height of
overburden, number of the rock layers of different heights and their material
properties, reinforcing anchorages, steel arches, shotcrete, inner lining and finally
excavation type which, in the case of the Turkish tunnels, is the NATM. A
FORTRAN program first transforms this information into a series of pafblocks
having varying dimensions and then divides each pafblock into a mesh of
individual elements. Many variations of the problem can be described by simply

altering the input file.
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After that, simulation can be addressed by PAFEC-FE performing finite element
stress and displacement analyses as shown in Fig. 1.3.

Unfortunately, PAFEC-PIGS has only a limited capability for the display of
its results in simplified or graphical form, and its output files containing results are
massive for a model of any complexity. For example, in the case of a model
containing 5000 nodes in its mesh, no displaced shape plot was automatically
produced by PAFEC-PIGS for representing distortion of a model, but the print
output file contains individual nodal displacements in the three Cartesian directions
for each node. This means that for any reasonable analysis of the results to be
performed it is necessary to write a FORTRAN program capable of extracting
stress and displacement values from the various results files and displaying them in
a suitable format, usually with coloured contours representing the values
superimposed on a three-dimensional solid model. Because of this difficulty, post-
processing of results has accordingly been performed through UNIRAS graphics
software. UNIRAS is the collective name given to a suite of programs, some
dedicated to data mapping, graphing and image processing in addition to a library
of graphics subroutines available for use in the user’s own programs.

Having outlined the aim of the work which forms the basis of this thesis
this introductory chapter is concluded by mentioning the contents of the remaining
chapters.

The second chapter of this thesis deals with the description of Istanbul
Kisikli and Tantavi highway tunnels project and design methods. Topics dealt
with include tunnel design and construction techniques under the NATM, methods
of controlling tunnel deformations, and modelling techniques applied to tunnel
design and analysis.

A review of the stress analysis, the application of the finite element method
to tunnel design and the other numerical methods are discussed in Chapter 3.

Special consideration is given to the basic structure and requirements of the
computer program (PAFEC-FE) in Chapter 4. There is included a brief description
of modules (commands) which are available in the PAFEC-FE library and the
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necessary input data for automatic finite element mesh generation. A detailed
description of how to implement an excavation process using finite element
analysis also is described in Chapter 4. There are three possible methods;

i) the gravity difference method,

ii) the relaxation approach ,

and  iii) the stress reversal technique.

Simulation of the excavation process was implemented for the purposes of this
thesis by employing the gravity difference method and stress reversal technique.

Chapter 5 describes the pre processing FORTRAN program used for
PAFEC-FE input data file generation and stages in the modelling process. The
chapter is, in effect, designed to take the form of a user manual. There is an
explanation of the program its design and objectives. A detailed description of
tunnel mesh design is included together with diagrams.

Post processing programs are analysed in Chapter 6. Examples are chosen
to investigate the influence of the different PAFEC-FE stress and displacement
output files. Each case includes a description and result sections.

Chapter 7 contains the final summary of the most important results
obtained in the thesis. Displacement results are compared with measured tunnel
convergence obtained from the project.

Chapter 8 deals with the general discussion and finally, conclusions and
recommendations are then made in Chapter 9 for future work that could usefully be
pursued on the basis of the developments described in this thesis.

Volume II contains Appendices A to F which consist of the pre- and post-
processing programs operational procedure, examples of PAFEC-FE input and
output files, full lists of the pre- and post- processing programs, shell node co-

ordinate calculations and details of beam elements for anchorages and steel arches.
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KISIKLI AND TANTAVI TUNNELS

2.1 Introduction

2.1.1 Tunnels in Turkey

The importance of underground construction has been increasing in Turkey
during recent years. Outside the field of mining, there are clear indications that
more civil engineering works involving tunnels have been undertaken and that
demand is growing. Contributing factors towards this are economic, technical, and
environmental. Tunnel use is increasing in areas of urban development, particularly
in the railway or metro, water supply, sewerage and road construction areas. The
increase in both population and industrial demand have led to greater water
consumption, and consequently more and larger works for disposal of industrial and
domestic waste water. Tunnels are a fundamental element in the disposal. Rapid
transit systems are in existence in Istanbul and under construction in Ankara, Izmir,
Adana and Bursa. Other City Councils have drawn up plans for an underground
railway network. The main stumbling block at the moment affecting execution of
these schemes is one of finance, but the decision by the Turkish government to
accept design reports on the scheme in principle is an encouraging sign. Because of
the mountain ranges between the coastal ports and the hinterland, there are many
railway tunnels in existence. With the increasing development of the agricultural,
mining and industrial areas, faster rail communications and new lines are being
sought and constructed. There are few tunnels within the existing national road
network, and the few in place are of short length. However, the planning of a high
speed motorway often requires a number of major road tunnels.

In the last decades, Turkey has been a gateway for international traffic in the
east-west direction only. Up to now, the Trans-Turkey Highway, which is a part of
the Trans-Europe Motorway (TEM) Project, has served as a link between Europe
and the Middle East through Iran, Iraq and Syria. However, since the emergence of

several transition countries such as Georgia, Azerbaijan, Armenia, Russia around
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the Caspian Sea region, new connections have been added to the existing Trans-
Turkey Highway network in eastern Turkey. Similarly new connections have
become important for the economic development of western Black Sea countries
such as Romania and Bulgaria (Erden, 1994). The NATM system of tunnelling has
been widely adopted in Turkey. More than 15 highway tunnels have been
constructed using this system and many others are now under construction or at the
planning stage.

The work described in this thesis is mainly based on the Istanbul
Altunizade-Umraniye highway project (part of the TEM project) in Turkey which
includes two sets of twin tunnels in rock as shown in Fig 2.1. One set of tunnels
carries the highway beneath Kisikli town where open cut techniques are not
practical. With respect to the second set of tunnels the open cut techniques are not
permitted by the owner due to preservation of the Tantavi Park. Kisikli tunnel, 690
m long, is located under Kisikli town and it takes the form of two curved tubes that
follow different alignments. Tantavi tunnel, 165 m long, is located under Tantavi
park and it also consists of two tubes but the tunnel alignment is straight. The
following chapter gives more details on the Kisikli and Tantavi tunnels project. It is
important to analyse as accurately as possible the influence of the construction
techniques and support system on the stability of the tunnel at the time when
construction recommendations are made. The principal factors which affect the
ground-support interaction should be considered in support system selection and
design. The load distribution between the rock (as in the case of the Turkish
tunnels) and the support depends on the relative stiffness of each. The rock mass
must have sufficient inherent strength to carry its share of the load, or it must be
reinforced and the support then be strong enough to carry its share of the load and
to provide the necessary composite strength to the rock. Quantitative estimation of
the interactive effects of construction techniques and ground support is possible by
iteratively examining the effect of variations of one upon the other, but it does

require sophisticated analysis.



24

Chapter 2

SUOI}BIO] [QUUN} PuUB [NQqUE}S] JO eI snofoydsog ur sYI0M)u peol Y], 1'Z ‘Sig

L IVLHYY
VLUV

Q

. Ditvd HIL
L

03] ZVHIONVHYS A
e /A
1 ;33&:%%3/
| VHIONVAYS  N10AOLON
N10QVNY |

e

ZN10A 5_&& — N

A
ELN LY
[ZVOIHYS 1 NI0A IS

=)

0IN
I9V1VAZON

o
4

wmztmnEmo
Aing =1

uzeAag § fesesyy

nuoutwg

\_V;v_
£ HORVTHI

AoxiueA

LN

INVAAIWXOR

v8VdI VAL

sy}
Z IN3ATY

LeSIH 1dWnyy

AIOVAY — ,v/
e IE O -
‘Ol ddvH | 7 1]
343aaNNANg Tvasvy

+ANIATT







Chapter 2 26

STFA Construction Company appointed Acer Consultants Limited to
undertake the design and specification of the tunnels. Some of the major
construction and design parameters are given in Table 2.1. The Istanbul
Altunizade-Umraniye Highway consists of two lanes in each direction. In addition
to these two lanes of 3.5 m width, the tunnels were designed to incorporate a
subsidiary lane dictating an overall clear width of 13 m. A clear height of 7.45 m is
provided over the invert of tunnel. Two 0.75 m wide walkways having a clear
height of 2 m are provided each side of the carriageway.

Tunnel construction was performed according to the principles of the
NATM as described in Section 2.6. A top heading and bench method of excavation
were used together with a primary lining of shotcrete, rock bolts, forepoling and
steel arches when necessary. The secondary (final) lining was of plain concrete as
described in Section 2.6.

The electro-mechanical fittings include power supply and emergency power
supply, lighting, ventilation, fire alarms and emergency call systems, fire fighting,
traffic signals and traffic signs. The electro-mechanical system to be installed in the
tunnels is always run in automatic mode unless a manual mode is selected by the
authorised person. Since the length of Tantavi tunnel is relatively short, an
automatic lighting system only was installed in this tunnel. Ducts are provided
each side of the carriageway to accommodate drainage and cables for electricity,
fire alarms, telephones and monitoring. The tunnel invert accommodates the

materials necessary to form a suitable road surface.

2.2 Kisikli Tunnels
2.2.1 Project Description

The Kisikli tunnel is located on the route of the Istanbul Umraniye-
Altunizade Highway as it passes through beneath the centre of Kisikli town, in the
south eastern suburbs of Istanbul. The separation distance of the two tunnel tubes

amounts to 24.0 m at maximum and decreases to a minimum value of 3.0 m
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towards the ends of the drive. The portals, to be built by open construction method
subsequently, have lengths of 135 mand 40 m .

2.2.2 Engineering Geology

Thirteen cored borings were made for the Kisikli tunnel, probing in general
to 2 m below tunnel invert level. Information from the boreholes, however, does
not provide sufficient information for formulating a clear picture of the structure. It
is probable, in retrospect, that more detailed investigation could have provided a
significantly clearer picture of the geological structure through which the tunnels
are driven. The main features of the geological structure are as follows.

i) Significant folding, including possible overfolding (recumbent folding)

of all the strata has occurred.

i1) Significant faulting has occurred, particularly towards the western end of

the proposed tunnel alignment. The faults seem to include a low
inclination thrust fault close to the junction of the quartzite/micaceous
sandstone, siltstone, claystone sequence and the underlying arkose.
Arkose and quartzite, which outcrop in Kisikli region, are the oldest
Palaeozoic rocks in Istanbul.

iii) All rocks have been intruded by volcanic dykes

As can be seen from the geological longitudinal cross section, a geological
profile, characterised by a heterogeneous alteration sequence of the rock types noted
below, lies above the entire line of the tunnel centre is shown in Table 2.2. Rock
cores recovered from the boreholes 1 to 13 point to relatively strong fissuring in all
rock layers. The total core rate (TCR), solid core rate (SCR) and rock quality
designation (RQD) values were measured for each of the cores. No subsurface

water-level is indicated on the engineering geological cross-section.
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2.2.2.3 Micaceous Sandstone Siltstone Claystone

It is considered that the clayey siltstone and the micaceous sandstone
(described on the logs as a sandstone siltstone alternation) are all part of the same
stratigraphic unit; that is, a series of interbedded layers of sandstone and siltstone.
Sandstone is the dominant type of lithology. From the drilling records it appears to
be highly fractured and moderately weathered.

2.2.2.4 Arkose

The arkose consists of a conglomerate of quartzite and feldspar fragments
set in a fine-grained matrix. The highest recorded RQD was 20% although most of
the values were less than 10%. It is possible that significant weathering has taken
place, quite a large proportion of the material being highly or completely
weathered. The fracturing and weathering together indicate a rock stratum that is

relatively weak.

2.2.2.5 Volcanic Dyke

This was recorded as being of andesite. RQD values were generally low,
being at or close to 0%. Occasionally a significant RQD was recorded; this may
well represent the less weathered core of the volcanic dyke. The evidence indicates
that the igneous dyke rock is weak in the mass as a result of the high discontinuity

spatial density as shown in Table 2.2.

2.2.3 Hydrogeology

It is noted that some of the strata could have a significant primary or
secondary porosity. However, several wells shown on the site plans produced show
that there are no major aquifers but that some strata are able to yield small

quantities of groundwater.
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2.3 Tantavi Tunnels

2.3.1 Project Description

The site of the tunnels is located about 2 km east of Kisikli, on the crest of a
hill. Thus, the approaches to the tunnel particularly from the north east are on
significant uphill gradients. As noted earlier, the area over the proposed tunnel is
part of Tantavi Park, an area of grassland and trees. The park forms a locally
important visual feature and an established environmental amenity.

The Tantavi tunnel scheme consists of two tunnel tubes each having a clear
width of 13.0 m and clear height of 7.45 m . The separation distance of the two
tunnel tubes is constant at 8.0 m along the tunnel route. The tunnels are driven
through relatively uniform and weak ground. Cover to roof of the tunnels is low,
typically between 4.0 and 9.0 m. While other methods of tunnel construction (for
example open-cut) are possible given this low depth of cover, the need to preserve

Tantavi Park has led to adoption of a mined tunnel.

2.3.2 Engineering Geology

Although the tunnels have been excavated through relatively uniform
ground, this ground is very weak in rock terms. The site is underlain by Ordovician
siltstone intruded by volcanic dykes. A total of six boreholes were drilled on the
Tantavi tunnel alignment with depths varying between 15.50 m and 19.0 m. In
general, the ground conditions are relatively uniform, consisting of superficial

deposits (Neogene cover) overlying clayey siltstone as shown in Table 2.3.

2.3.2.1 Neogene Cover

These superficial deposits consist of between 2.0 to 3.0 m of silty clay to

clayey silt. It is likely that the material is the weathered residue of the siltstone.
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2.4 Material Properties

This specification covers material properties required for the Kisikli and
Tantavi tunnels in any type of rock and soil formation encountered. Mechanical
properties of both soil and rock samples obtained from borings were determined at
approved laboratories. Uniaxial compressive strength, tensile strength, modulus of
elasticity, Poisson’s ratio and seismic velocities were assessed for the samples.
Material property values are based on the geotechnical report prepared by STFA
Construction Company. The values obtained from laboratory tests may be used for
various purposes.

For instance if information on the discontinuities justifies the use of
continuum methods for estimating the stability of the tunnel, laboratory tests can
provide upper values for properties such as the modulus of elasticity, Poisson’s
ratio and rock strength. The tests may be useful in differentiating sections along the
tunnel according to rock properties. Also the test results could aid estimation of
boring, drilling and blasting efficiency by comparison with past performance in
rocks of similar character. For instance the unconfined compressive strength of a
rock is an indexing parameter used for selection of cutters for boring machines.
Hardness and abrasiveness also strongly affect the performance of tunnel boring

machines.

2.4.1 Material Properties of Kisikli Tunnel

A summary of material properties of Kisikli tunnel is given Table 2.4. As
can be seen in this table, the compressive strength of the quartzite is very high but
that of the andesite (volcanic dyke) and micaceous sandstone is low. These values
from laboratory tests reasonably cannot reflect the actual conditions on site. The
quartzites, which are amongst the stronger rocks, are brittle but the others have been

weathered to a greater or lesser extent.
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2.5 Rock Classification

Material properties of rock samples obtained from the drillings along Kisikli
and Tantavi tunnels were determined at soil and rock mechanics laboratories of
STFA Contraction Company. These rock parameters were incorporated by the
designer into RMR and Q classification for the Kisikli and Tantavi tunnels. The
results based on the geotechnical interpretation range of RMR and Q values for
typical rocks to be encountered along Kisikli and Tantavi tunnels are given in

sections 2.5.1 and 2.5.2, respectively.

2.5.1 Kisikli Tunnel Rock Classification

Based on the results of the suitable laboratory and the site (ground)
investigation the various strata were classified by the designer using the RMR and
Q methods. Table 2.6 shows the rock classification factor of the each of the strata.
In general the rock classification indicates poor rock engineering conditions, with
low stand-up times and with the need to provide significant support as early as
possible.

The maximum spans and stand-up times in Table 2.7 were derived by the
designer from the typical RMR values. It should be noted that the results of the
investigation show highly variable values. Thus a flexible approach could have
been adopted. For the values given in Table 2.7 it was assumed the general dip of
strata was in the range of 20° and 45° for RMR rock classification. While this is

not strictly the case, it is considered reasonable for the purposes of classification.
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Following geotechnical appraisal of both tunnels three types of rock were
classified based on RMR and Q values, and support systems to be used for each
rock type were classified. The lithologies, identified as units A, B and C on
Table 2.10, reflect the state of knowledge of the engineering geological nature of
the tunnel sites as obtained from site investigations. These categories are a form of
reference ground conditions and are for information and contract pricing only, since
the actual conditions encountered at the tunnel face may be different. This
specification defines a rock classification system in terms of the rock structure and
its stability when subjected to excavation. This classification has been used by the
contractor for all distances in the tunnels, in the top heading and bench, in order to
identify the particular rock class ( A to C). All rock classiﬁgation types ( A, B
and C ) were expected to occur in Kisikli tunnel but rock type C only was expected
in the Tantavi tunnel. Shotcrete (primary) lining, anchorages, steel supports type,
inner (final) lining have been designed for each category, taking account of the

respective loading likely to be imposed as shown in Table 2.10.
2.6.1 Underground Excavation

The cross-section and dimensions of the excavation, depending upon the
different rock conditions (type A, B and C) have been varied as shown in Figs. 2.3
to 2.5. Top heading and bench methods of excavation were used in fhe tunnel
construction. Following excavation of a heading at the top of the tunnel, the lower
ground is then removed in benches as shown in Fig. 2.6. Tunnel excavation is
performed either by means of wheeled roadheaders, or by blasting depending on the
rock classification. Selection of the excavation method to be applied was made on
cost-efficiency grounds and also on environmental grounds; for example, restriction
on the use of blasting under built-up areas. ‘Smooth blasting’ has been using to

limit the overbreak and to prevent shattering of the cut rock surface.















Chapter 2 43

The steel arches have been manufactured to meet the geometrical requirements of
each of the rock classes requiring their use i.e. rock class B and C. For steel arches,
hot-rolled “H-profiles” have been used.

The dimensions of the steel arches are as indicated in Fig. 2.7. The steel
arches consist of structural steel with a minimum yield strength of 280 MPa and
comply with BS4 part 1 (1993) or BS 4848 part 2 (1991). Steel ribs are erected to
the lines and levels. Tie bars have been used to connect the ribs to the adjacent
steel arch and fix it securely in place. Tie bars are steel rods of 22 mm diameter,
bent and connected to the arch. The steel arches have been embedded in shotcrete
in order to obtain maximum contact between rock and steel arch through a solid

shotcrete packing which was designed to have a minimum thickness of 50 mm .

2.5.4 Anchorages

All rock anchorages ( rock bolts ) have been installed either locally as
required or in a systematic pattern in the roof, side walls and invert of the tunnels as
shown in Figs. 2.3 to 2.5. Anchorages are an integral part of the primary support
system, with the purpose of activating the requisite composite action between the
surrounding rock and the shotcrete, so contributing to the load bearing capacity of
the primary tunnel lining. Anchorages have been made of steel bars having
specified properties and fully bonded with the surrounding rock by means of
cement mortar. They have been used as the conditions demanded and installed
according to the depths and configurations for each relevant standard support
system. These patterns and lengths were varied according to the rock conditions.
Holes for all rock bolts have been drilled to the depths required by the lengths of
rock bolts specified for the respective rock class and at diameters which ensured
efficiency for grouting and installation. The minimum diameter of the holes was
10 mm larger than the diameter of the rock bolts to be installed which have a 28

mm diameter as shown in Fig. 2.8.
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the pushed into the hole. The nuts of the grouted rock bolts were tightened not
earlier than 6 hours but not later than 8 hours after installation in order to achieve a
force at the anchor plate of approximately 20 kN. This force was verified by means

of a calibrated torque wrench.

2.5.5 Insulation and Final Lining

According to the principles of the NATM, there is a clear distinction
between primary lining and final lining. The final lining, of placed in-situ concrete,
is in the present case sealed against the primary lining by a waterproof coating. The
individual sealing strips are welded together to ensure continuity of water proofing.
Water collected by the seal above the tunnel cross-section is diverted by drainage
pipes located in the area of the side wall footings. The waterproof membrane
insulation is protected against and separated from the shotcrete by a watertight
membrane. In order to permit the individual blocks of the final lining to move a
certain extent in response creeping and shrinking of the concrete, block joints are
arranged in regular sections. It is thus possible to achieve a high measure of safety
against cracking. Assumptions made in the calculation of the tunnel final lining

concrete are as follows.

i) Loads on the section are based on material (geotechnical) properties of
rocks. The depth of overburden above the crown level was taken into
account. Full hydrostatic pressures were applied.

ii) The material properties of the rock were assumed to be elastic and
characterised by Young’s modulus (E) and Poisson’s ratio (V). For

ground, minimum and maximum Young’s Modulus values were taken
and results calculated.

iii) Any arching of the rock will be ignored as the tunnels are considered to
be shallow (overburden ranges between 4 and 10 metres); thus Kisikli
and Tantavi tunnels were considered to lie at a sufficiently shallow

depth that arching was not assessed.
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A static model was used to design the final lining by computer software. It was
assumed that the ground would not be affected by tension and that the predominant
rock type existed throughout the tunnel drives.

The final lining consists of three sections : arch, toe, invert. Calculations
based on the above assumptions gave concrete thicknesses of 450 mm, 1000 mm
and 500 mm, respectively without reinforcement. Invert concrete was not designed
for rock types A and B. The final tunnel lining comprised 450 mm thick

unreinforced concrete as shown in Fig 2.2.
2.6.6 Geomechanical Measurements (Monitoring)

Monitoring, combined with a degree of flexibility in the placement of
ground support, is an essential part of good tunnel design and construction,
especially with the NATM method. The data obtained from monitoring in Turkish
tunnels has been used to check on the design of the primary lining and its in situ
deformation.

The following observations have been taken for each heading and for the
whole tunnel;

i) a visual examination of the tunnel lining,

ii) convergence pins cast into the primary lining to check on relative

movement of the tunnel and surrounding ground (see Fig. 2.9),

iii) movement of the ground towards the tunnel,

iv) settlement of the ground surface,

v) movement of the structures above and close to the tunnel alignment,

vi) face logging of the geology and ground conditions encountered.

Deformation is dealt with by means of geomechanical measurements as an
integral part of this construction method. This requirement is being taken into
consideration with all NATM projects by means of a comprehensive measurement

programme.
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ANALYSIS METHODS

3.1 Introduction

This chapter describes the finite element analysis and proposed solution
technique. It will begin with a discussion of ways in which stress analysis can be
performed and then will give a brief description and comparison of four standard
ways of analysing stresses.

When a body is subjected to gravitational or external loads it deforms. The
way of deformation can be described by specifying components of displacement or
strain at every point in the body. These are related to stress components
throughout the body. The prediction of these stresses, strains and displacements is
the matter of stress analysis.

For certain classes of engineering problem, it is possible to predict the
stresses and strains in a structure with a high degree of certainty. This is
particularly so when the material properties can be measured accurately and the
mechanical characteristics of the components of a structure are consistent and well
understood.

Unfortunately soil and rock are not so easily described. Tunnels or shafts
usually pass through the inhomogeneous and discontinuous rock mass. The initial
state of stress in the rock mass is known only approximately. A stress analysis
requires exact and detailed description of the body and applied loads, boundary
conditions. The design of any tunnel or tunnel lining is definitely based on some
model in which loads are distributed in the surrounding rock. Stress analyses need
values for the idealised properties of the rock then stress analyses produce numbers
that are roughly related to the displacements or stresses that might be measured in
the field. These numbers can serve only as a guide and not as an instruction for

design. One set of results may be compared with another, making different

48
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assumptions or showing the effect of some change in design but the analysis

should never be treated as an absolute answer.

3.2 Mathematical Analysis of Stress and Strain
3.2.1 Theory of Elasticity

Many text books provide a discussion of the theory of elasticity; Obert and
Duvall (1967), Timoshenko and Goodier (1970), Jaeger and Cook (1979), Brown
(1987), Brady and Brown (1985), Wittke (1990), Mahtab (1992). For the purpose
of this section it is not intended to repeat the essential equations of linear elasticity,
but merely to describe their basic use.

The exact analytical solution requires certain conditions to be met. Firstly
the body is a continuum. All deformations are continuous, single valued and finite.
Thus when a body is strained, the resulting displacements produce no gaps between
small adjacent elements of the body. This leads to the first set of equations based
essentially on geometry known as the compatibility equations.

Secondly the body, and all parts of it, are in equilibrium. Under these
conditions, Newton’s Laws are universally applicable to all parts and this leads to a
set of partial differential equations expressed, in terms of stresses and their
derivatives, called equilibrium equations. All the forces on any element of a body
are balanced, so that a static equilibrium exists.

The third set of equations form constitutive or stress-strain relationships.

These are based on the deformational behaviour of material under load and link
the first two sets of equation. In the simplest case the stress-strain relationships
will be linear, isotropic, elastic and can be expressed in terms of two material
constants, usually Young’s modulus and Poisson’s ratio.

In addition the appropriate boundary conditions of stresses and
displacements must be satisfied on all the surface of the body.

Mathematical solutions can usually be found only for the simplest of cases
where the rock mass is homogeneous and behaves in a linear elastic manner, the

loading is fairly simple and boundaries have simple geometric shapes.
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Mathematical solutions usually assume conditions of plane stress or strain or some
type of symmetry which reduce the complexity of the analysis.

Problems in three dimensional elastic theory involve the following
parameters, expressed in terms of a Cartesian co-ordinate system. These comprise
six stress components as shown in Fig. 3.1.

Oy » Oy , O, the three normal stresses, assumed positive if compressive,
and

Txy > Tyz s Tox the ﬁee independent shear stresses,
and six corresponding strain components ;

€ s Ey 5 & the three normal strains, assumed positive if compressive,
and

Yxy > Yyz » Yzx  the three shear strains.

In addition there are three components of displacements u, v, w.
3.2.1.1 Stress-Strain Relations

To calculate from given stresses the resulting strains or displacements in
the material, the material properties need to be known. These are expressed in
terms of a constitutive law or stress-strain relationship for the material as
applicable. For a linear, isotropic material obeying Hooke’s law, the stress-strain
relationship requires only two constants, the Young’s modulus (E) and Poisson’s
ratio (v). The shear modulus is related to Young’s modulus and Poisson’s ratio by
the equation

E=2G (1+v) 3.1)

For principal or normal stresses and strains this behaviour may be

expressed as
6, =(A+2G)e, +rg, +) ¢, (3.2a)
c,=Ae, +(A+2G)e, + A g, (3.2b)

o,=he, +Ae, + (A+2G)e (3.2¢)

z

where A, known as Lamé’s constant, is given by
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£, = ™ (3.7a)
s 2_; (3.7b)
€,= 2—:) (3.7¢)
Y,y=2—;+s_: (3.82)
Yy =%+g—: (3.8b)
Yu=%%+§§ (3.8¢)

3.2.1.3 Plane Stress and Plane Strain

The general problem of elasticity is to determine the stresses and
displacements in three dimensions. However two special cases which are
essentially two dimensional are of importance. These are the plane stress and
plane strain cases.

All physical structures are inherently three-dimensional, but their behaviour
may be characterised as two-dimensional. The theory of elasticity specifies a
special class of problem, plane problems, which may be solved more readily than
the general three-dimensional problem, since certain simplifying assumptions are
made. The structure should consist of a region of uniform thickness bounded by
two parallel planes, oriented normal to the prescribed z-axis. The thickness of the
structure may either be very thin or very thick. These represent the most desirable
cases for plane static analysis. Generally plane stress is employed where the
structure is relatively thin in relation to its lateral dimension, while plane strain is
used when the structure is very thick relative to this dimension. Plane strain
assumes that there is no strain perpendicular to the plane, while plane stress

assumes that there is no stress normal to the surface. The bending stresses are also
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Substituting equations (3.9-3.10) in the general form of Hooke’s law (equations

(3.6a-3.6¢)) the plane stress condition, gives

8x=é(cx—v0'y) (3.11a)
ayz%(cy—vcx) (3.11b)
g, = _?(cy+cx) (3.11c)

and similarly for the shear strain

Yy = (3.11d)

The stresses acting in the plane for plane stress condition are obtained by inversion

of equations (3.11a-3.11d) as given below;

E
c, = - (sx +vsy) (3.12a)
c,= 1_EV2 (e, +ve,) (3.12b)
T,=G7v, (3.12¢)

3.2.1.3.2 Plane Strain

A plane strain case is a case where stresses are applied in two-dimensional
plane (the x-y plane) but deformation in the third orthogonal direction, the z-axis,
is prevented completely. The case of plane strain can be illustrated by an infinitely
long cylindrical underground opening such as tunnel. If z-axis represents the axis
of opening, the displacements of all points in the plane of cross section are not zero
but shear stress strains (y,, and y,,) associated with the z-direction are zero. Thus a
plane strain condition is characterised by the given formula;

g, =0 (3.13a)
Y=Y, =0 (3.13b)
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as a plastic soil. However Zienkiewicz (1971) warns that this results in a
deterioration of the solution. In geotechnical applications the plane strain
conditions are not strictly valid, even though the structure may fully satisfy the
plane strain conditions, because the orientation of the axes of the principal initial

stresses (geostatic stresses) may not coincide with the plane of analysis.
3.2.1.3.3 Von Mises Stresses and Resultant Displacement

The solution of structural problems in which the strain-displacement and
stress-strain relationship are linear is relatively straightforward because the solution
is obtained from a quadratic energy function and the resulting equations are linear.
Von Mises shear strain energy criterion is often presented as being based on the
idea that yielding of a ductile material under a general state of stress will occur
when the density of shear strain energy is equal to the density of shear strain
energy at the yield point in a sample tension test. It is often referred to as Von
Mises criterion, after the German-American mathematician Richard Von Mises
(1883-1953). An equivalent way of deriving it is to base yielding not just on the
absolute maximum shear stress in the material, but on the root mean square
maximum shear stress, thereby taking into account the shear stresses on planes at
right angles to that of absolute maximum.

Using maximum shear stresses equations associated with each of the three
principal planes, the root mean square maximum shear stress for a complex three-

dimensional state of stress is

o SR CS R0 BCE

In simple uniaxial tension, with 6,=c,, 5,=0 and 5,=0, this becomes

e =St
Ill—\/g

and the yield criterion is obtained by equating t,, and t ' to give

(3.16)
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2 2 2
- 2
(cx—cy) +(0'y —0'2) +(cz —cx) = 20, 3.17)
Another way of expressing the same result is to define a Von Mises equivalent

stress

O ¢y =7% \/(Gx_cy)z +(Gy _62)2 +(°z _Gx)z (3.18)

The equivalent stress (Von Mises) and resultant displacement are given, as

in PAFEC 75 (1976) respectively, by

1 (cxx—cw)z+(cyy—-cu)2+(0'n—oxx)2+
= 3.19
O V2 6(0' *+0 ' +0 2) 12

xy yz 2x

2 2
U, = J U+ Uy (3.20)

To relate two and three dimensional problems to the one dimensional uniaxial
case it is convenient to work with the equivalent stress. In other words, the
equivalent stress is the stress in uniaxial case which is equivalent to the complex
state of stress according to the Von Mises criterion. When the equivalent stress
becomes greater than the uniaxial yield stress, then yielding takes place PAFEC-75
(1976).

Co > O o (3.21)

The equivalent stress is therefore a useful parameter with which to

characterise a state of stress, which is why it was chosen in this research.
3.2.2 Stresses Around a Circular Hole

A major cause of stresses in a rock and soil mass is the weight of
overburden rock and soil. It is called the primary, or initial , or roof pressure of
rock or soil and varies in magnitude with depth from ground surface.

Near the ground surface, natural rock stresses are influenced by the weight
of the rock, tectonic forces caused by folding of the earth's crust, jointing, fractures,

restraint against lateral expansion.
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The magnitude and direction or initial of primary stress in the rock and soil
or the state of stress before excavation depends upon the stress field. Excavations
bring about a new distribution of secondary stresses around the excavations. The
magnitude of those secondary stresses is influenced by shape and size of the
opening and by in-situ physical and mechanical properties of the rock and soil
mass.

Assuming the rock is a homogeneous material, and knowing its exact
elastic properties, the calculations of stresses in rock and soil, weakened by
openings, can be made in a reasonable manner by means of the theory of elasticity.
It should be said, however, that in practice these assumptions are very seldom met.
Take the homogeneous, isotropic elastic case and assume that a long horizontal
tunnel can be approximated by a circular hole in a plate of infinite extent. The
necessary conditions for specifying the stress field in the general vicinity of the
opening have been set out by Obert and Duvall (1967) and the solution was first
obtained by Kirsch (1898). The standard solutions given by Attewell (1980) are ;

2

4 2
s=2rvo) (10) + 2eu o) 1+ 24 o 622
r

r r
1 a’) 1 3a*
Ge=5(Gh+cv)(1+r7)_§(ch_GV)[I'*'TJ c0s20 (3.23)
1 3a* 2a*) .
r,9=—§(°h—0v)[1—r—4+7—) sin20 (3:24)
where
c,,0, arehorizontal and vertical stresses ,

r is any radial distance,
a is the tunnel radius,
0 s the polar co-ordinate angle with respect to the x horizontal axis,
o, is aresultant radial stress at distance r from the centre of the tunnel and angle 6
from x axis,
o, is the hoop ( tangential ) stress,

T, isthe shear stress in the element
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It is sometimes useful to be able to estimate the elastic displacement in the

rock which result from external stresses op, and oy . Pender (1980) adopts a plane

stress condition and provides the solutions in his pre-stress post-construction

analysis, of the form

u =$ (1 +v){(c,, +0,) (é) +(o, +0,) [(1 -V g - %:—} cosZG}(3.25)
L =L(l+v) ——(c +0 ) (1—2\/)E+£ sin20 (3.26)
2E S roor '

where

u s the radial displacement with a positive sign denoting movement towards

the origin,
L is the circumferential displacement again with a positive sign as shown in

Fig. 3.5,
v is Poisson's ratio for the ground,
E is Young's modulus.

Edwards (1951), Terzaghi and Richart (1952) and Savin (1961), published

series of papers which examined ground movement and treated it as an elastic
phenomenon. Timoshenko and Goodier (1970) used a heterogeneous isotropic

elastic model, plane elasticity to investigate excavated circular tunnels.
3.3 Photoelasticity

Until the advent of numerical methods, photoelasticity was the only
practical method available for stress analysis of problems with complicated
boundaries. For simple boundaries such as planes, circles, ellipses etc., exact
analytical solutions are available. Photoelasticity is an optical method and relies
on the optical properties of certain isotropic materials when they are stressed.

The method can be applied to determine the stress distribution around two-
and three-dimensional excavations.  Photoelasticity provides a graphical

illustration of the stress distribution that develops when a body is loaded. An
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extension discussion of the theory and application of photoelasticity is given by
Obert and Duvall (1967).

Photoelastic methods are being almost completely replaced by numerical
modelling techniques such as finite element methods, finite difference methods,

boundary element methods etc.

3.4 Laboratory Models

Scaled models of tunnels and tunnel linings can be prepared from special
materials in the laboratory. These can be instrumented suitably with strain or
deformation gauges and loaded in compressive testing machine. A discussion of
scaled models and their uses is given by Stagg and Zienkiewicz (1968).

Tests are usually performed under conditions of plane stress rather than the
most realistic conditions of plane strain. Problems may be encountered in finding
suitable materials which satisfy similarity. The failure behaviour of the material
can have a very marked effect on the extent of failure or disintegration. This will
have an effect on loads and deformation. Actual rock tends to dilate during
disintegration.

Engineers are generally familiar with the use of laboratory models to help
visualise stress and deformation patterns. Numerical models discussed below can
be approached in the same way and with the same philosophy. However it is
important to note that numerical modelling is not an exact solution to ground

problems.

3.5 Numerical Methods

Analytical methods such as Kirsch’s solution may be used to solve the
governing equations exactly over a simple circular tunnel problem domain. The
extension of the analytical solution to more complex domains (e.g. non-circular
highway tunnels) requires simplifying assumptions to be made concerning the

problem of geometry, material properties and/or boundary conditions. The finite
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element (FE) method is an alternative technique in which the partial differential
equations are solved approximately for more realistic problem descriptions. The
finite element method is just one of a complementary set of numerical techniques
that have been employed to solve partial differential equations. The finite
difference method and the boundary integral element method are also commonly
used to solve problems involving tunnelling. The finite difference method breaks
the model down into a grid. The finite element method uses a mesh and the
boundary element just uses elements on boundary of element as shown in Fig 3.6.
A comparison of these methods is beyond both the scope of this thesis. Each of
these techniques has advantages in certain particular cases.

One common feature of almost all quantitative investigations of realistic problems
in engineering is that the boundary geometry of the region of interest is too
irregular for analytical solution. Some form of numerical solution which may
usually be obtained by the use of computational procedures, becomes necessary.
Computational methods fall into two distinct categories: differential methods and
integral methods. In differential methods, the governing differential equations are
solved directly in the form which they are derived without any further
mathematical manipulation. This is usually done either by approximating the
differential operations in the localised algebraic equations valid at a serious of
nodes within the region, as in the finite difference method, or by representing the
region itself by finite elements of material which are assembled to provide an
approximation to the real system, as in the finite element method. All such
methods involve whole body discretization which require the solution of very large
systems of algebraic equations. These methods generate the solution at all internal
nodes used.

The essence of the integral equation techniques is the transformation of the
differential equations into equivalent sets of integral equations as the first step in
their solution. From such an operation a set of equations is obtained which would
involve only values of the variables on the boundaries of the region of interest for

example boundary element method.
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3.5.2 Finite Element Method
3.5.2.1 Intreduction

Numerous excellent works have been written on the subject of the theory
belong to the finite element method and it is not the author’s intention to discuss in
any detail the mathematics of the method in this thesis.

The basic concept behind finite element analysis is the replacement of a
complex problem by one that can be simply enacted so that the solution can be
approximated. This idea was used by mathematicians more than two thousand
years ago. For example, Archimedes approximated the circumference of a circle
by the edge of a polygon (Woodford et al., 1992). Finite element analysis in its
modern form is a very powerful computational technique. Zienkiewicz & Taylor,
(1989) describe how the finite element method developed in the field of structural
engineering. It has been use widely in structural engineering over the past twenty
years, and has gained acceptance throughout engineering and the applied sciences.
The initial development of the finite element method for aerospace and structural
engineering was soon followed by application of the method to problems in soil
and rock mechanics. The nature of soils and rocks, however, is highly complex
and requires different considerations from the relatively prescribed materials used
in structures. A realistic appraisal of the complexities imposed by such natural
features as joints and other discontinuities would often require that soils and rocks
be treated as discontinuous media. Nevertheless, approximate but acceptable
solutions can be obtained by considering them as continuous masses. In most
applications of the finite element method, the continuum approach is used. The
fundamentals of finite element analysis are detailed in many publications such as,
for example, Clough (1960, 1980), Zienkiewicz (1971), Norrie and Vries (1973,
1978), Desai and Abel (1972), Rockey et. al., (1975), Segerlind (1976), Tottenham
and Brebbia (1977), Owen and Hinton (1980), Irons and Ahmad (1980),
Akin (1986), Smith and Griffiths (1988), Rao (1989), Zienkiewicz and Taylor
(1989), Ottosen and Petersson (1992) and Carlton (1993).
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3.5.2.2 Basic Concepts

Initially the body or structure is divided into sub-regions known as finite
elements. Their shape, size, number and arrangement are chosen to mirror the
original body as closely as possible. The choice of element type is partly
determined by the geometry and spatial co-ordinates of the body, with one, two or
three dimensional elements being used, each having a variable number of nodal
points (nodes) along element boundaries. Element size directly influences the
accuracy of the solution, smaller elements producing more accurate results but
requiring more computational time. Several sizes of elements are usually included
within one structure. The aspect ratio describes the element shapes within the
group, and elements with an aspect ratio near to unity give the best results. For
two-dimensional elements the aspect ratio is the largest to smallest dimension. A
structure that has unexpected changes in geometry or material properties requires
nodes to be located at those places. By using more elements accuracy is improved,
but this generates a large number of degrees of freedom, requiring larger matrices
which may exceed the available computer memory. If the shape and external
conditions of the structure are symmetrical, then it is only necessary to model half
of the structure but these conditions need to be incorporated into the solution
procedure. In geotechnical problems the area boundaries are generally not clearly
defined, it is however possible to consider only the area expected to be affected.

The finite element analysis of practical problems frequently generates
banded matrix equations and, by minimising the band width, both storage
requirements and solution time are minimised. In simple systems, it easy to label
nodes manually in order to minimise the band width, but in complex systems this is
almost impossible. The development of automatic mesh generation algorithms
which can divide any geometry into efficient finite element meshes, without user
interruption, overcomes this problem. The minimum requirement is that the

topology of the original geometry is maintained. Development of the finite
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3.5.2.3 Use of the Finite Element Method for Soil and Rock Masses

Important factors affecting the solution of a geotechnical problem are the
structure, the validity of the structural model, together with the analysis and the
results obtained from the analysis. The geometry, boundary conditions and
material composition of the structure must be considered and restrictions on
movement within the model taken into account.

Deformation behaviour of soils and rocks is influenced by a number of
factors, such as the physical structure (mineralogical composition, internal
cracking), porosity, density, stress history, loading characteristics, and macroscopic
fracturing. In addition, such geologic features as faults, joints, crushed zones,
fissures, folds and other tectonic effects produce behaviour significantly different
from that derived on the assumption of a continuum. These factors can make the
stress-deformation behaviour highly complex and non-linear. No currently
available analytical solution method can handie them all.

The model structure is designed by a mesh of simple geometric shape. The
mathematical properties of these meshes designed replicate accurately the
structure’s physical characteristics. The environment of the model structure
embodies the specification of external force, supports and boundary conditions.
Analysis is performed on the individual elements, taking account of the interaction
between each element and its immediate neighbours, and the imposed boundary
conditions on the structure. The response in terms of stress, strain and
displacement from the individual elements are combined to produce results which
apply to the composite.

In the development of a typical finite element computational rock and soil
mass model for static analysis, the following procedure should be adopted:

i) Firstly it is necessary to select a suitable mathematical model for the

solving of problem of the structural interaction between the tunnel
support and the surrounding ground. This should include consideration

of symmetry required in order to reduce the analysis if the geometry of
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the structure itself is symmetric and the boundary conditions, static
loads and restrains are also symmetric.

ii) A finite element discretization is then applied. The structure is sub-
divided into a mesh of finite elements which might consist of two-
dimensional triangular and/or quadrilateral or three-dimensional brick
and/or wedge elements. Furthermore, the appropriate boundary details
are defined in terms of specified static loading and constraint conditions
that characterise the structure under consideration. After a computer
run, the next step involves the presentation and interpretation of the
static analysis results. The results can be presented graphically in the
form of displaced shape, stress vector plots and stress contour plots.

iii) A computer run without any error or warning messages does not show
that the static analysis is correct. The expected stress distribution and
unrealistic results must be checked. Alternatively a different mesh and
perhaps a more accurate type of element must be used. The accuracy of
the results and analysis depend on a good finite element mesh.

The principle of using the finite element method in the study of
geotechnical engineering problems has to be the design of an optimum mesh which
not only will offer the greatest possible degree of detail around the excavation, but
will also reduce the number of nodes away from the opening where detailed
accuracy may not be required. This is even more important when a three
dimensional model is used because the number of nodes is significantly increased

over an equivalent two dimensional model.

3.5.2.4 A Review of the Application of the Finite Element Method to

Tunnelling

Of particular note for the finite element approach in connection with
geotechnical engineering applications are the contributions by many authors given

below.
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Goodman (1966) discussed the effect of constructing circular tunnels in
layered rocks as opposed to homogeneous rocks in his paper. The results represent
solutions to plane strain boundary value problems using a finite element analysis.

Blake (1966) described the finite element method of analysis and its use in
solving typical underground stress problems in his paper. The effects of non-
homogeneities surrounding an circular opening were shown in computer plots of
maximum shear stress contours, stress trajectories and principal stress directions.

Anderson and Dodd (1966) showed an example model for determining the
stress field acting about a rectangular underground opening in a faulted rock mass
using finite element method.

Salvador and Deere (1966) analysed stress concentrations around circular
openings in an infinite medium for arbitrary values of yield parameters and initial
state of stress.

Stagg and Zienkiewicz (1968) discussed the application of the finite
element method to stress studies and an example of lined tunnel was shown in the
stresses when the lining was considered in section eight of their book.

Agarwal and Boshkov (1969) discussed finite element analyses of stress
and displacement fields for some combined loading conditions and comparison of
plane stress and strain solution for a circular tunnel.

Desai and Abel (1972) described finite element method for soil and rock
mechanics and a few typical application of a circular tunnel mesh and loading in
their books.

Barla (1972) studied the influence of a horizontal pulling-free surface on
the stresses in the near vicinity of a single circular underground opening using
finite element method.

Kulhawy (1974) presented modelling criteria for plane strain finite element
analyses of a circular underground opening in homogeneous, linear elastic rock .

Chang and Nair (1974) described a simple computer program for the
evaluation of the stability of openings in rock using finite element method and

demonstrated its capacity through an analysis of case histories.
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Barla and Ottoviani (1974) solved the problem of determining the stresses
and displacements around two adjacent, circular openings, located near to a
horizontal ground surface using finite element method.

Monaco et al. (1974) illustrated problems belonging to underground
openings for three large pumped-storage plants and usefulness of the finite element
method.

Kulhawy (1975) presented the significance of material properties, initial
stresses, excavation sequences and opening shapes on the resulting stresses and
displacements around underground openings in homogeneous rock masses using
finite element method.

Wittke (1977a) discussed static analysis for underground openings in
jointed rock using finite element method and importance of underground openings
such as traffic tunnels, water power tunnels, irrigation project.

Wittke (1977b) presented the evaluation of the stability and the amount of
required safety measures and lining for underground openings in jointed rock and a
new design concept based on the finite element method.

Gudehus (1977) discussed generally geomechanics and finite element
methods and knowledge of basic continuum mechanics. The equilibrium state
around an excavated tunnel and finite set of variables were presented

Orr, Atkinson and Worth (1978) discussed a detailed comparison between
the observed displacements around two circular model tunnels and those from
finite element computations based on two non-linear models of soil behaviour.
They showed that much theoretical research and development work is still required
and it is not possible to solve all design problem yet.

Vollstedt and Duddeck (1978) showed that analytical methods cannot deal
with non-linearities therefore numerical methods are needed as the different
variations of the finite element methods and examples of non-linearities were
classified.

Naylor and Pande (1981) presented the application of finite element in

geotechnical engineering and some tunnel case histories.
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Smith (1982) described programming the finite element method with
application to geomechanics and some program examples chosen involves creation
of a mesh of four noded elements for the stress analysis of a tunnel in linear elastic
ground.

Swoboda (1982) discussed the use of finite element calculation for tunnel
models when planning tunnels make necessary solving a number of very different
problems and the starting parameters only allow an estimation of the actual
conditions.

Ohnishi et al. (1982) presented that the study in detail the effects of delayed
construction of the tunnel support and the behaviour of the ground mass around the
face of advancing tunnel must quantitatively be analysed. Since this problem is not
simple and cannot be solved by closed form analyses, it must be solved
numerically using three-dimensional techniques like finite element method.

Attewell, Yeates and Selby (1986) described solutions to soil-structure
interaction at three levels of analysis which involve common simplifying
assumptions and discussed finite element analyses of the prediction of response of
a soil-structure system to tunnelling.

Pan and Hudson (1988) carried out a non-linear axisymmetric finite
element simulation of tunnelling in a rock mass to investigate the stresses and
displacements behind an advancing tunnel face.

Mertz and Swoboda (1989) described a CAD program that was specially
developed ‘for the generation of three-dimensional finite element meshes as were
used in tunnel construction.

Wittke (1990) presented computation of stresses and strains due to
underground openings in rock masses using the finite element method in his book.

Juemin and Huangian (1990) analysed the special problem of the tunnel
with three-dimensional finite element method and they showed that results of the
computation were consistent with that of in-situ measurement.

Swoboda (1990), showed the approximations necessary for two-
dimensional analysis using finite element analysis and increasing significance for

three-dimensional tunnel models.
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Duddeck (1991) reviewed the application of finite element method in
tunnelling, the achievements and presented the future tasks for closing the gap
between real ground behaviour in critical tunnelling situations.

Kielbassa and Duddeck (1991) presented some results of elastic three-
dimensional finite element analyses in consecutive steps of the sectional
excavation of circular and non-circular tunnels.

Mahtab and Grasso (1992) presented rock characterization for tunnel design
and numerical analysis methods and design criteria were introduced in their book.

Woodford, Passaris and Bull (1992) published a book to provide an
introduction and guide to good finite element practise using PAFEC-FE finite
element software for engineering analysis and engineering design. Geotechnical
engineering application section of this book contains excavation simulation
methods, modelling of underground excavation support systems and an example of
a near surface excavation using PAFEC-FE.

Soliman, Duddeck and Ahrens (1993) presented the results of a finite
element approach to these problems for shield-driven tunnels, as well as for tunnels
driven by excavation and shotcreting. The results showed the relative changes in
stresses and deformations and it was suggested that single -tunnel solutions can be
used to find double-tube solutions.

Peila (1994) discussed a three-dimensional, elasto-plastic finite element
tunnel analyses results. Tunnel face reinforcement was simulated and the stresses,
plastic zones and displacements in the ground were studied for face reinforcement.

Carter and Xiao (1994) described a coupled finite element and boundary
element formulation for the analysis of excavation in jointed rock. Good
agreement has been found between numerical and analytical solutions for several
example problems. Numerical solutions were also presented for the problems of a
deep circular tunnel in a variety of jointed rock masses.

Bernaud, Buhan and Maghous (1995) presented finite element simulations
of a bolt-supported circular tunnel and calculating its convergence as the
excavation proceeds. The results of this numerical simulation prove to agree

perfectly well with those derived from an analytical model.
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Pelia and Oreste (1995) presented a new analytical axisymmetric model for
the evaluation of the ground response curve when a zone with better
geomechanical properties is presented around the tunnel. For a simple geometric
condition, the results obtained with the proposed analytical approach and a
numerical finite difference model using 2-D FLAC software have been compared
obtaining a good agreement.

The intention here is to examine the finite element method in the light of its
applicability to geotechnical problems, and its development in the field of rock
mechanics is reviewed. If an elastic solution can be made to predict ground mass
behaviour to a reasonable degree of accuracy the assumptions and approximations
made can be more clearly defined than if a highly complex model were chosen. It
was with this philosophy in mind that an examination of the types of solution

available was carried out.

3.5.3 Boundary Integral Method

The boundary element method has been establish as an important
alternative technique to the numerical methods in continuum mechanics (Brebbia,
1978). The technique basically consists of the transformation of the partial
differential equation, describing the behaviour of the unknowns inside and on the
boundary of the domain, into an integral equation relating only boundary values
and the numerical solution of this equation. If values at internal points are
required, they are calculated afterwards from the boundary data. Since all
numerical approximations take place only at the boundaries, the dimension of the
problem is reduced by one and smaller system of equation obtained in comparison
with those achieved through differential methods. Discretization would only
involve subdivision of the boundary surface of the body. Since the surface of the
body only is defined and discretized, the boundary element methods effectively
provide a unit reduction in the dimensional order of a problem, which especially in

three dimensions, leads to an appreciable reduction in the number of algebraic
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equation generated for solution and simplified data preparation. The integral

methods are distinguished by either direct or indirect formulation.

3.6 Excavation Simulation

3.6.1 Introduction

Several procedures for simulating excavation operation have been proposed
by Goodman and Brown (1963), Brown and King (1966), Dunlop and Duncan
(1970), Desai and Abel (1972), Kulhawy (1974), Naylor and Pande (1981) and
Budari (1983). The basic concept is that the rock is in equilibrium and at rest in an
initially stressed state. Under excavation the removal of material and subsequent
redistribution of stress in the remaining material must be treated by one of three
methods. These are the gravity difference method, the relaxation approach and the
stress reversal technique. Both the gravity difference method and stress reversal

technique were chosen for the simulation of excavation for this study.

3.6.2 Gravity Difference Method

In the gravity difference method (alternatively known as the gravity turn on
method by Dunlop and Duncan (1970)) two analyses must be conducted. Firstly,
gravity load is applied to a block of ground having no opening, and, secondly, the
process is repeated with the same block of ground but with openings or sometimes
with the excavated elements (air elements) given a very low modulus value
(approximating to air material properties). The stress and displacement differences
between the two analyses are the ground stresses and displacements caused by the
creation of the opening as shown in Fig. 3.7. The gravity difference method is
limited in its application. It cannot model a tunnel having a shotcrete, secondary
lining and steel arch as shown in Fig. 3.8.

There is a displacement of rock due to the application of gravity load to the
unexcavated rock. The excavated displacements are calculated by comparison with

the gravity loaded excavated and unexcavated grounds.
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When the ground support is applied at the excavation surface it is
positioned in the rock before gravity loading has been applied. When the gravity
loading is exerted it has to work against the support to achieve the displacement
expected from gravity-loaded ground having no excavation. The resulting
displacement is significantly less above the supports, indicating that the presence
of the supports make the surface rise as shown in Fig. 3.8.

The gravity difference method requires the differences between two
analyses to produce the stresses and displacements that result from the creation of
ground excavation. This is because in the gravity difference method displacements
(vectoral quantities) can be subtracted but stresses need to be carefully considered.
Von Mises (the equivalent stress) should not be subtracted but the equivalent stress
is calculated from global stress tensor components which can be subtracted.

The Von Mises stress difference between the two analyses can be
recalculated from subtracted stress tensor components by using equation (3.19).

The resultant Von Mises stress is
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and resultant displacement difference between the two analysis by using equation

(3.20) is
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The computed stresses, strains and displacements from the two runs are
then compared to give the results of a particular excavation step. A typical
application of the stress reversal technique is used for simulating the excavation of
underground openings and the application of supports.

The stress reversal approach considers the stresses existing in the elements
on both sides of a proposed excavation boundary at any stage of excavation, and
based upon these stresses evaluates the equivalent nodal forces to be applied along
the boundary. Stresses on the excavation boundary have to be defined in terms of
local direction for front and back planes in a three-dimensional model.

In the finite element method, stresses are commonly determined at either
the centres of the elements or midway between two opposing nodal points,
depending upon the type of element used, but excavation boundaries pass between
elements. Therefore, a technique must be employed to interpolate from the centre
stresses to the nodal or boundary stresses. The stress reversal technique was the
method chosen for the analyses included in this thesis.

The implementation of the gravity difference method and reverse stress

technique in PAFEC-FE will be discussed in Chapter 4.



CHAPTER 4

EXCAVATION SIMULATION USING PAFEC-FE

4.1 General Structure of PAFEC-FE System
4.1.1 Introduction

PAFEC is an a acronym for ‘Programs for Automatic Finite Element
Calculations’. It was first developed in 1960°s at Nottingham University but has
been continuously developed and extended and is now very widely used both in
industrial and academic institutions. PAFEC-FE is a general purpose, three-
dimensional finite element system for structural and thermal analysis (PAFEC Ltd.,
1992). It employs free-format input with engineering keyword identifiers and has a
library of over 80 elements. These include beams, springs, masses, plates, shells,
bricks, and wedges for use in one, two or three dimensions. Applied loads include
gravity, pressure and point loads.

PAFEC-FE consists primarily of two systems. The first performs the
actual finite element analysis (PAFEC.EXE) and second handles the interaction of
the program with the computer on which it is running. The second is referred to as
the PAFEC-FE driver (front end program). PAFEC.EXE is always same but the
driver is different for PC, SUN and UNIX systems. There are ten separate phases
corresponding to subroutines in a complete single run of PAFEC using a particular
data file. These are shown in Fig. 4.1 and generated displacements and stresses are
written to a particular output file related to each phase. The version of PAFEC-FE

used and described here was 7.4.

4.1.2 Application of PAFEC-FE

The first step in modelling any problem with PAFEC-FE is construction of

an input data file which is a computer file containing all the information which is

necessary to run PAFEC-FE completely. This data has to be in a format which
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