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Ithaca

When you set out for distant Ithaca,

fervently wish your journey may be long,

full of adventures and with much to learn.

Of the Laestrygones and the Cyclopes,

of the angry god Poseidon, have no fear:
these you shall not encounter, if your thought
remains at all times lofty, — if select
emotion touches you in body and spirit.

Not the Laestrygones, not the Cyclopes,

nor yet the fierce Poseidon, shall you meet,
unless you carry them within your soul,
unless your soul should raise them to confront you.

...............................................................

At every stage bear Ithaca in mind.

The arrival there is your appointed lot.

But hurry not the voyage in the least:

“twere better if you travelled many years

and reached your island home in your old age,
being rich in riches gathered on the way,

and not expecting more from Ithaca.

Ithaca gave you the delightful voyage:
without her you would never have set out:
and she has nothing else to give you now.

And though you should find her wanting, Ithaca
will not surprise you; for you will arrive

wise and experienced, having long since perceived
the unapparent sense in Ithacas.

(Poems by C.P.Cavafy)
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Abstract

The ongoing development in the world’s urban areas inevitably leads to the
construction of structures in close proximity to already driven tunnels. Care should be
taken to ensure that construction is carried out without damaging the tunnels or any
other adjacent or overlying infrastructure. Considerable research has been undertaken
for the case of a single tunnel where empirical methods for predicting tunnel induced
deformations are applicable. For more complex geometries, however, empirical
methods fail to make accurate predictions since they do not account for the soil-
tunnel-structure interaction mechanism. The finite element method (FEM) appears to
be a solution to this prediction problem, however many difficulties in its use remain.
The aim of this thesis is to investigate and validate tools for numerical modelling of

tunnelling related interactions in soft ground.

The generation of a suitable mesh is a major overhead in the use of three dimensional
(3-D) FE analyses. Preparing and checking a complex tunnelling mesh can be
extremely time consuming. Thus, a parametric scheme for automated, efficient and
robust 3-D mesh generation was part of this project. FE analyses of a single driven
tunnel are made for comparison with empirical methods on the direction of the
surface displacement vectors. Another parametric study of twin tunnelling schemes is
carried out in both 2-D and 3-D using various FE packages. The objective is to focus
on the effects of surface loading on the tunnels themselves in terms of deformations

and bending moments and study the changing effect as tunnel layout is altered.

The results obtained highly depend on the constitutive relations assumed, the soil
properties and the discretization employed. Further to this the pred»icvtion’s_!show areas
of general agreement and disagreement betweeh the differrentrtypc-:s of analyses and
FE packages used, indicating that accurate numerical modelling of this problem

remains difficult and requires care.
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Chapter 1. Introduction

Chapter 1

Introduction

1.1 History of tunnelling

The idea of tunnelling is not new. Throughout history numerous tunnels have been
built to serve different purposes (e.g. transportation, sewerage, water and power
supply). The first ever tunnel was driven in Babylonia under the Euphrates River at
2180 BC. It was approximately 900m long and was used by pedestrians. At 520 BC a
water tunnel was constructed in Greece (the island of Samos) by a famous engineer,
Eupalinos. It was approximately 1,100m long and was entirely driven through hard
rock (limestone). The extraordinary thing with this case was that excavation took
place at both sides of the tunnel simultaneously and the two teams met in the middle

(Britannica, 2007).

Excavation during that period was entirely made by hand. After the Middle Ages
gunpowder was also used. Only in the twentieth century have more sophisticated and
mechanical methods been applied. Excavation has become less time consuming and
safer for the working personnel. Several different techniques have been developed
and the choice of method is mainly based on ground conditions and tunnel geometry.
Nowadays, with the aid of state of the art technology and the experience of the past

tunnels can be built virtually in any type of ground.
The first ever shield driven tunnel (the shield providing support at the face of the
excavation) was constructed at 1841 in London under the River Thames by Marc

Brunel, a French engineer. It was driven through London clay and was approximately
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300m long. This was the first tunnel where a toll (of one penny) was charged. This
particular section was bought in 1865 by London Underground (known as East
London Railway during that time) and became part of the rest railway. That was the
first underground railway in the world (London’s transport museum, 2007). Since
then more than 100 metros have been built around the world, most of which will keep

expanding while new are being built (Hellawell et al., 2001).

1.2 Tunnelling in urban areas

The ongoing growth of urban areas unavoidably leads to an increased need for
infrastructure. Since surface space is often limited the use of underground space is
seen as the most efficient way to provide new infrastructure. Lack of surface space is
not the sole reason for subsurface solutions. Tunnelling and underground
transportation in general, is a more environmental friendly solution contributing to
the reduction of the surface traffic congestion. The high cost of such projects may in

some cases be a deterrent factor though.

In the urban environment tunnelling is a highly complex operation. The main reason
being that tunnels have to be driven in close proximity to other surface structures (e.g.
buildings) or sub-surface structures (e.g. pre-existing tunnels, pipes, piles and
foundations). Tunnel engineers should therefore, not only ensure safe tunnel
construction, which is their primary and main objective, but also take all
precautionary measures so that tunnel induced ground deformations will not severely
damage other adjacent or overlying structures. To do so, tunnel engineers and
designers should be able to make accurate predictions regarding the ground
movements followed by assessments of the possible damage to the neighbouring
structures as a result of these movements. With the aid of highly sophisticated
mechanical excavating machines, TBMs (Tunnel Boring Machines) surface
deformations can be controlled and restricted to values of volume loss (defined in
Chapter 2) less than 1% by applying a high pressure at the face of the excavation (e.g.
the Earth Pressure Balance method). Bowers and Moss (2006) report that average
values of settlement volume loss of 0.5% were recorded at the part of the Channel
Tunnel Rail Link (CTRL) high speed railway between Channel Tunnel and St.

Pancras.
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Design approaches used until recently in assessing possible damage to buildings do
not take into consideration the stiffness of the building. Hence, they fail to account for
the complex mechanism of soil-tunnel-structure interaction. Thus, these design
approaches prove to be rather conservative, increasing the cost of the projects. As
reported by Mair and Taylor (1997) few published data existed in the past regarding
the detailed performance of tunnel induced damage to buildings. More recently
though Augarde (1997), Bloodworth (2002) and Franzius (2003), with the use of full
3-D numerical modelling, re-assessed these design approaches focusing on the

complex interaction mechanisms.

The final responsibility of tunnel engineers is to ensure that the tunnel lining should
be able to withstand all influences to which it may be subjected during its lifetime
(Peck, 1969). The most important forces are due to gravity. According to Barratt ef al.
(1994) lining design approaches which take into consideration the full overburden
weight of the surrounding soil are conservative since even after 20 years of
construction only 60% to 70% of the total overburden is carried by the lining mainly
due to the arching effect. Other influencing factors are the excavation of new tunnels
in close proximity to existing tunnels and the surface loading due to pile loading,
building construction or compensation grouting below foundations (as a protective
measure against tunnel induced deformations). Possible tunnel movements or increase
in the lining stresses due to the above mentioned influencing factors was identified
early enough and raised concerns mainly by tunnel owners (Morgan and Bartlett,
1969). These variations from normal conditions may set a tunnel’s functionality at
risk. Empirical and analytical methods available, based mainly on experience and
field data, are used to account for any external loading other than earth pressure.
These methods fail to accommodate the complex interaction mechanism between
soil-tunnel-structure. The finite element method appears to overcome this problem
(Moore, 1987b). Thus, the complex interaction mechanism, the magnitude of the
surface load transferred to the crown and its effects on the liners of existing tunnels
can be studied while a thorough and improved understanding of the interaction
_problem can be achieved. Relative few recorded publications, to the author’s
knowledge, exist on this topic the majority of which are dealing with the response of

a pipe (rather than a tunnel) to surface loads.
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1.3 Aim and objectives

This research project aims to produce tools for numerical modelling of tunnelling

interactions. To fulfil this aim the project has the following objectives.

o The first objective is to investigate whether it is possible to perform both
detailed and accurate numerical modelling in terms of available computer
resources. Apart from numerical modelling other methods such as small scale
physical testing, centrifuge testing and empirical methods are available. The
choice of the former method though was made in order to exploit specific
advantages of numerical modelling in general and 3-D non-linear finite element
analysis in particular through this project. These advantages are: i) the ability to
model the complex interaction mechanism of soil-tunnel-structure, /i) the ability
to model any domain in all its three dimensions without having to make any 2-D
simplifications and Jii) the ability to perform parametric studies varying

geometric or material parameters.

° The next objective is to attempt to reduce the amount of time spent during the
pre-processing stage (this involves the generation of a mesh) of the finite
element analysis. 3-D mesh generation can be time consuming. It is essential to
ensure that all required parametric studies for this project are carried out within
the available time period. Hence, a fully automated fast and robust way of

generating 3-D meshes is a prerequisite for such analyses.

e  The third objective is to compare the different methods used in this project. A
given numerical model will be analysed in particular, employing different
commercial FE packages (Strand7 and Plaxis) to investigate whether these
packages will produce the same predictions. Further to this the same numerical
model will be analysed using different types of FE analyses (2-D and 3-D) to
highlight the differences (if any) in the predictions. Neither the production of

design charts (this might be part of later work) nor the comparison of the

__produced tools with field data, are initially amongst the project objectives. The .

reason for the latter is twofold. Firstly, the objective is to compare the methods
and evaluate the tools themselves using the available knowledge at that time and

the gradually build up experience. To make a proper evaluation one has to be
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aware of how sophisticated the method used is, what simplifications have been
made, the quality of the input data and how these affect the predictions made.
Secondly, only already published field data are in the author’s possession to
evaluate the proposed tools. Numerous recorded field cases would be required
to allow for conclusive evaluations. Even then, this would be a type Cl1

predictionl according to Lambe (1973) classification. Lambe (1973) states that:

“One must hold some suspicion of using type CIl predictions to prove the

validity of any prediction technique .

o The final objective of this project is to attempt to clarify an unresolved conflict
amongst researchers which requires investigation. This has to do with the
direction of the surface deformation vectors due to tunnelling in a greenfield

site.

1.4 Thesis layout

Chapter 2 reviews the literature on tunnelling induced ground deformations using
empirical and numerical (both in 2-D and in 3-D) methods. It then
discusses about the lining distortions due to gravity and surface loading

and focuses on the interaction between soil-tunnel-structure.

Chapter 3 introduces aspects of the finite element method and the formulations used.
Other numerical methods are briefly described. Details on how initial
conditions, constitutive models, excavation and volume loss are modelled

throughout this thesis are presented.

Chapter 4 attempts to clarify the still unresolved issue of the predicted direction of the
surface displacement vectors due to tunnelling using Plaxis. The produced
2-D FE predictions are then compared and discussed with other recorded

field cases and predictions made using empirical methods.

~Chapter 5 focuses on the pre-processing stage of FE analysis. This chapter presents a - -

new scheme based on parameterising analyses for the generation of 3-D

' The type C1 prediction takes place after the main event when the results are already known. Lambe
(1973) suggests that type A predictions which take place before the main event are more valuable.
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meshes using Gmsh. The generated meshes used in this thesis are then
evaluated in terms of mesh quality measurements. Some issues regarding

the preparation of the input and output files are also discussed.

Chapter 6 presents 2-D FE predictions of surface loading on existing tunnels driven in
soft ground using different FE packages. In the first and second parts of
this chapter the details of the analyses using Strand7 and Plaxis
respectively are discussed. The produced predictions from each package

are then compared for evaluation purposes.

Chapter 7 presents the equivalent to Chapter 6 3-D predictions using Strand7. This
chapter emphasizes on the differences in the predictions using different

types of analyses (2-D and 3-D).

Chapter 8 draws conclusions, summarises the achievements and contains suggestions

for future research.
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Chapter 2

Tunnel induced ground deformation and lining

distortion

2.1 Introduction

Considerable research has been undertaken for assessing the ground deformations due
to tunnelling driven in soft ground using empirical, analytical and numerical methods.
Previous published work referring to this problem will be discussed in this section.
Empirical and semi-empirical methods are successfully used to predict soil
movements when tunnelling in a greenfield site (i.e. no other surface or subsurface
structure exists prior to tunnel installation). These methods though were proved to be
incapable of presenting valid and realistic predictions when other structures are
present in close proximity (non-greenfield sites). To account for the interaction
mechanism between the excavated tunnel and another structure (i.e. another tunnel,
building or pipe) numerical methods such as the Finite Element Method (FEM) are
widely used. A series of FE studies addressing this problem are presented. Finally in
the last section of this chapter lining distortions due to both the overburden weight of

the soil and a uniformly applied surface load, above existing tunnels are presented.

2.2 Surface deformation
2.2.1 Deformation along the transverse direction

Equation 2.1 is widely accepted and recognized among geotechnical engineers, but
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has no theoretical justification and is entirely empirically based. It was first
introduced by Martos (1958) who proposed it following field observations of ground
deformations above mine openings. Later Peck (1969) suggested that the transverse
settlement trough due to tunnelling (solid line in Fig. 2.1) seems to follow an inverted
Gaussian probability curve. The same formula therefore is adequate for modelling
vertical surface settlements in soft ground on greenfield sites. Equation 2.1 is used for

predictive purposes before or during design and construction.

S =8 e 2.1)

where S, is the vertical surface settlement at a transverse distance x from the tunnel

centre line (CL), S,

X

is the maximum vertical surface settlement occurring above the

tunnel CL and i, is the trough width parameter which separates the sagging from the

hogging zone (Fig. 2.1).

Tunnel CL T.ranS\_/erse
direction x

Sagging N Hogging N

Figure 2.1. Surface settlement profile (S, ) along the transverse direction x.

" The volume of the settlement trough pér unit 'lerngtf"l (I/"SV)V agdve the tunhél 7f:'@17ce 1s
equal to the area enclosed by the probability curve. Attewell and Farmer (1974a)

described the procedure to obtain V (by integration of Equation 2.1).
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V,=\27 iS, 2.2)

If tunnel construction takes place in low permeability materials then it can be
considered that soil deforms under constant volume (undrained behaviour). In this

case the extra amount of soil excavated over the initial estimated area of the opening

is termed as volume loss (¥, ) and is usually expressed as a percentage:

4V,

S

V= @)

where D is the tunnel diameter. Combining Equations 2.2 and 2.3 the following

expression can be derived for S__ :

%

1

X

S =0313 (2.4)

In order to fully determine the shape of the settlement trough of a given tunnel at least

two of the following parameters need to be known from Equation 2.4: § v,

max 2

and/or i,. According to Peck (1969), S . is empirically determined and is directly

max

proportional to D. The properties of the normal probability curve indicate that:
i =061S__ (2.5)

V, can then be determined from Equation 2.4 by knowing the values of S__ , and i,.

max

O’Reilly and New (1982) introduced Equation 2.6 to calculate the horizontal surface

movements (/1 ) at a transverse distance x assuming that the total displacement

vectors in the transverse direction are heading to the tunnel CL (Fig. 2.2):

H =28, (2.6)

Zy

where z, is the depth of the tunnel axis and C (Fig. 2.2) is the cover between surface

“and crown. The horizontal strains along the transverse direction (£, ) can be =~

calculated from Equation 2.7. The latter equation is derived by differentiating

Equation 2.6. Compression then can be defined as negative while tension as positive.
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Figure 2.3 shows plots of the horizontal ( 4, ) and vertical (S, ) surface displacements
as well as the horizontal strains (¢, ). Equations 2.6 and 2.7 are only valid from

ground surface until the area around the tunnel within 1D of its periphery.

£, = 5 (1 —éj (2.7

Z, i

X

N7k K

Zy
T

. A D ' Springline

Invert

Figure 2.2. Assumption about surface deformation vectors heading to tunnel’s CL (After
O’Reilly and New, 1982).

— \.. |H"|
Ve N ~é/
- \ / N
: : . Vv : Enx
TN \ / TN
s \ K c / N\ AN
L s \ N/ / N
'// \ii, ) i/ \\'

Transverse direction x
R

+ve Strain: Tension

-ve Strain: Compression
Sy

Figure 2.3. Plots of vertical (S, ) and horizontal ( H,) surface deformations as well as

horizontal strains (&, ) along the transverse direction x.
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2.2.2 Deformation along the longitudinal direction

Attewell and Woodman (1982) derived several equations to describe the ground
movements along the longitudinal y-axis. Having accepted that the deformations
along the transverse x-axis are well described by the normal probability curve, it is a
logical step to say that the deformations anywhere on the longitudinal y-axis will be
described by a cumulative probability function (Eq. 2.8). At x = 0 on the y-axis the

vertical settlement profile S y will be described by Equation 2.9.

V. ‘% y
S =—3 ¢ @l = (2.8)
J l 2 [ir)

V, y
S =—3_of = 2.9
el ] 29)

s s 2
q{ﬂ = f¢[.l y = [—=—e L, g (2.10)
¥ 5

l.

i

where i, is the trough width parameter at the same profile, (D[Z] is the normal

cumulative distribution function with mean x, = 0 and variance o’ = i)z, , ¢{1] is
i

the probability density function, while s and f are the starting and ending positions of
the tunnel face. Tabulated values of Equation 2.10 can be found in Attewell and

Woodman (1982) and in many statistics texts. Figure 2.4 shows how S, varies along
the y-axis from §, =0aty=+woto S, = § ,, aty=-o. For firm to stiff clay a value

of 30% to 50% of S, with an average value of 40% occurs above the tunnel face at

max

y=0.

Attewell et al. (1986) compared theoretical values of i, produced from cumulative
probability curves against values of i, measured from normal probability curves. They
~showed that in most cases the longitudinal field settlements were slightly larger than
those predicted from the cumulative probability curve assuming i, = i,. They conclude

however that for most practical design problems the following assumption is valid:
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i=i =i 2.11)

More recently Nyren (1998) through field observation for tunnelling schemes in the
Jubilee Line Extension beneath St. James’s Park in London, proposed the following

relation:

i, =13i, (2.12)

For the remaining of this thesis the assumption made by Attewell et al. (1986), which
is common and widely accepted by most geotechnical engineers, will be used for

simplicity purposes (Eq. 2.11).

Tunnel face
ty -y

Sm ax

¢ o

Tunnel Heading

Figure 2.4. Surface settlement profile (S ) along the longitudinal direction y.

2.2.3 Deformation above twin tunnels

In the case of twin parallel tunnelling (i.e. the same z,) previous researchers have

proposed superimposition of the two single transverse settlement troughs to obtain the

final trough (see Fig. 2.5) as defined by Equations 2.13 to 2.15.

R,
S, :_L{e Wy 2 } (2.13)
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V. _i ("'_‘I)Z
H = = xe 2 +(x—J)e 2i? (2.14)

S
zyiN 27

v, A _Jp
g = —=[1-Z | " + s ,2']) e ¥ 2.15)
z4iN27 i i

1*' Tunnel CL 2" Tunnel CL Transverse
. direction x
-i | i ! —_—
4 : f
>\ oyl | . s
. g 95)
1*' Tunnel X )
s T TN M T
trough S P Superimposed = trosnﬁel
trough g
N A P
D J D

Figure 2.5. Superimposed surface settlement trough due to twin tunnelling along the
transverse direction x.

where J is the axis to axis tunnel separation and P is the pillar width distance.
Equations 2.14 and 2.15 are only valid if it is assumed that the surface displacement
vectors head to the tunnel centre line (similar to the single tunnel case and Equations

2.6 and 2.7).

It is rare however for twin tunnel headings to advance with the same rate during
construction. The trend is either to advance at a different rate or to construct the
second after the first has finished. In both cases asymmetry effects have been
reported. Cording and Hansmire (1975) presented field data above twin tunnels (D =
6.4m, P = 4.6m) in medium dense silty sands and gravels for the Washington Metro

(see Fig. 2.6) where an asymmetric trough due to the construction of the second

.. tunnel is.formed. Burland (2001) (Fig. 2.7) presented this asymmetry effect from field .. -

data above twin tunnels (D = 5m, P = 16m) from the Jubilee Line Extension Project

in London. In Figures 2.6 and 2.7 vertical surface settlements (S, ) against distance

along the x-axis are plotted. These two figures show that the settlement trough due to
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the second tunnel is offset towards the first trough (i.e. S, does not occur above the

second tunnel’s CL and has a bigger value compared with the first.). This is the case

regardless of the type of ground (i.e. sand or clay).
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Figure 2.6. Final settlements of First and Second Tunnels, from Line C, Project A-2,
Washington Metro (From Cording and Hansmire, 1975).
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2.2.4 Volume Loss V;

Stress redistribution during tunnelling and softening of the soil surrounding the face
of the excavation will lead to ground movements into the opening. This extra amount

of soil which has to be excavated over the originally estimated volume of the tunnel
expressed as a percentage is termed volume loss (7, ). This phenomenon creates the

surface settlement trough in three dimensions (Fig. 2.8).

Extent of surface
settlement trough

Figure 2.8. Surface deformations due to tunnelling in three dimensional space (After
Attewell et al., 1986).

Attewell et al. (1986) proposed four sources of loss due to shield tunnelling (Fig.

2.9). The sum of these four losses will produce the final value of the total volume

loss:

e Face loss, which is the axial loss into the face. This source is very important to
both transverse and longitudinal directions of the surface settlement trough

o Shield loss, which is the radial loss around the perimeter of the tunnel shield and

at the tail -

o Post-shield loss, which is the radial loss behind the tail after lining installation

and before grouting and
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e Post-grout loss, which is the radial loss behind the tail after grouting. This source
of loss will continue until the lining stiffness will be in equilibrium with
overburden stress. The latter is considered to be a long-term settlement factor

contrary to the first three which are short-term factors

radial take

| | |

e L

T

bead

and | shiold tail ungrouted lining grouted lining
hood

Figure 2.9. Sources of volume loss due to shield tunnelling (From Attewell et al.,
1986).

A different approach to determine volume loss is the “Stability Ratio Factor” (N). The
first application of this method to the tunnelling problem is attributed to Broms and

Bennermark (1967) and is defined as:

N=22"% (2.16)

where o, is the total overburden pressure at the tunnel axis level (o, =y z,, and y

is the soil’s unit weight), o, is the tunnel support pressure and S, is the undrained

shear strength of the clay at axis level. This factor N can be combined with
engineering judgement from previous tunnelling schemes in the same ground
. conditions. Broms_and Bennermark (1967) suggested that a stability ratio value .
greater or equal than 6 to 8 would give an unstable clay profile for tunnel excavation.
This factor is independent of the tunnel diameter D. This method was only tested and

therefore is only valid when the tunnel is excavated at a depth greater or equal to z, =
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4D. Lab tests on both undisturbed and remoulded clay (Fig. 2.10a) as well as field
data (Fig. 2.10b) mainly from the Chicago Subway support this theoretical approach.
Figure 2.10 shows plots of stability ratio (V) against undrained shear strength (.S, ).
Peck (1969) concluded that in a soft to stiff clay, a stability ratio greater than 6 would
produce destabilisation to the tunnel shield. According to Ward (1969), however it is

safe to work in front of the tunnel lining for stability ratio values smaller than 1 to 2.
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& i ll.
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2
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a) Lab tests on undisturbed and b) Field data mainly from the
remoulded clay.L Chicago Subway.

Figure 2.10. Plots of the stability ratio N against the undrained shear strength S,
(After Broms and Bennermark, 1967).

Davis et al. (1980) derived plasticity solutions by means of upper and lower bound
theorems. They indicate, in contrast to Broms and Bennermark (1967) findings that
the critical value of N (at collapse) varies with depth for shallow tunnels. After
performing a series of centrifuge tests of tunnelling in kaolin slurry, Kimura and Mair
(1981) showed that N at collapse is highly influenced by the heading geometry. Mair
and Taylor (1993) plotted N with depth from field data in London clay. They

proposed that the critical value of N varies from 2.5 to 3 for shallow tunnelling.

Several high quality sets of field measurements at various tunnelling schemes in
London clay have been documented since the 1970s. The findings are presented in

" Table 2.1. It is evident that in most cases VL ranges between 1% and 1.4% for

shallow tunnels in London clay. There are however, two extreme values reported by

Standing ef al. (1996) and Bowers and Moss (2006). Standing and Burland (2006)
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tried to explain why such a big value of volume loss was measured at St. James’s
Park (Table 2.1). They state that during design stage a value of V', = 2% was adopted
which was thought to be conservative at that time. Geological conditions and the
tunnelling methods adopted were identified to be the two crucial factors contributing

to such big ¥, values.

V, (%)
. Method of .
Tunnelling scheme zo (m) D (m) excavation from field
data
Green Park, Jubilee Line Open Shield,
29.3 4.146 . 1.3
(Attewell and Farmer, 1974a) Hand Mined
Regent’s Park, Jubilee Line Open Shield,
34 4.146 . 1.4
(Barratt and Tyler, 1976) Hand Mined
) New Austrian
Heathrow Express Trial tunnel i
21 8.6 Tunnelling Method 1.05 to 1.26
(New and Bowers, 1994)
(NATM)
Heathrow Express Trial tunnel
20 5.6 NATM 1.06 to 1.33
(Deane and Basett, 1995)
Heathrow Express
23 6.15 NATM 1.4
(Barakat, 1996)
St. James’s Park, Jubilee Line .
30.5 4.85 Open Shield 3.3and 2.9

(Standing et al., 1996)
Earth Pressure
8.15 Balance Machine 0.5t01
(EPB)

CTRL Various
(Bowers and Moss, 2006) depths

Table 2.1. Volume loss values from tunnelling schemes in London clay.

2.2.5 Trough width parameter i

The distance i between the tunnel centre line and the point of inflection (i.e. the point
of the maximum slope) on the transverse surface settlement trough profile (Fig. 2.1)

describes the width of the settlement trough. It is thought to be related to z, and D.

According to Rankin (1988).the size of the trough can be considered to be of total of

6i. Beyond that distance the effects of tunnelling on the surface cease to occur.
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O’Reilly and New (1982) carried out linear regression analyses of field data but did
not manage directly to correlate D with i. They did however show a strong link

between z, and i. The following linear relations were introduced to describe this

correlation:
i=043z,+1.1 (for cohesive soils) 2.17)
i=0.28z,-0.1 (for cohesionless soils) (2.18)

where i and z, are both measured in metres. For practical reasons O’Reilly and New

(1982) tried to simplify the above equations by introducing another which starts from

the origin. Figure 2.11 shows plots of z, against i from in situ measurements.

i =Kz, (2.19)

where X (trough width constant) varies from 0.4 for stiff clays to 0.7 for soft and silty

clays and from 0.2 to 0.3 for granular materials above water table. For simplicity
though K = 0.5 (constant for surface deformations) for cohesive materials and K =
0.25 for cohesionless are often used in practice. These values are empirical though

and may vary depending on the ground conditions (there is a scatter in Fig. 2.11).

i(m)

20

Field data
i=0.43zp+1.1
i=0. 52()

Zp (m)

Figure 2.11. Plot of the trough width parameter i against the tunnel depth z, (After
O’Reilly and New, 1982).
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Rankin (1988) and Mair and Taylor (1997) have both plotted i/ against z, for more

recent field data from U.K and worldwide. Their results confirm that a value of K =

0.5 in Equation 2.19 would fit most of the data for cohesive materials.

New and O’Reilly (1992) suggested a similar simplified formula for i for a cohesive
soil profile consisting of »n layers each of different thickness z and trough width
constant K. They expressed their doubts for the validity of Equation 2.20 since it has

not been tested for cohesionless materials.

i=Kz+K,z,+..+K,z, (2.20)

2.3 Sub-surface deformation

The ruling mechanism of the surface movements due to tunnelling is well understood
and described. Few results exist however to fully understand the sub-surface
deformation mechanism. This is important when other structures founded at depth

(e.g. pipes, tunnels and piles) exist prior to tunnel excavation (non greenfield sites).

Mair and Taylor (1993) tried to predict clay behaviour (vertical and horizontal vectors
of sub-surface deformation) using simple plasticity solutions for the unloading of a
cylindrical and spherical cavity. The impact of the horizontal displacement vector to
the side of the tunnel at axis level appears to cease at a distance of 2D or greater. It

seems that S, above the crown is always bigger than H _ at the same distance (r) at
springline (see Fig. 2.12). Their results seem to be in good agreement with field data.
In Figure 2.12 the vectors of the vertical (S,) and horizontal (H ) surface

deformation, as well as the tunnel radius (R), are denoted with 8v, 8h and «

respectively.

Mair et al. (1993) presented field data which show the validity of the widely accepted
assumption that the sub-surface settlements seem to follow an inverted Gaussian
curve. To calculate the trough width parameter i for the subsurface settlement trough

they suggest substituting the parameter ( z, — z ) for z, in Equation 2.19:

i=K(zO—z) (2.21)
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where z is the depth where the subsurface profile will be defined (Fig. 2.13),

implying that K remains constant with depth (as it does for the surface settlement

trough).
6h 8y
Locstion Herizontal Verticol

to, Green Pork o °
' 64 Regeats Fark s N

& 6 b Brixton v

v Oh Angel o

¢ ¢ 000 l.__'_..l Hetherlen Road Q

0.004

0.002

Figure 2.12. Normalised vertical and horizontal surface deformations, against the
normalised tunnel radius (From Mair and Taylor, 1993).

Mair er al. (1993) plotted i normalized by z, against z normalized by z, with field

and centrifuge data applicable for greenfield sites (Fig. 2.14). This figure illustrates

that Equation 2.21 under-predicts the value of i/z,. On the other hand a solid line

which best fits the data is drawn which is defined as:

L 0.175+o.325{1 —i) (2.22)

Zy 2y

Substituting Equation 2.22 to 2.21 gives:

0.175+o.325(1—i]
2y

K=

o L S e»

Zy

Equation 2.23 shows that at the surface (i.e. z = 0) K = 0.5 which is in agreement
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with the assumptions made for i at the surface (Eq. 2.19). At depth though, K
increases non-linearly with depth. In the case where z = z,, K tends to infinity. This
is clearly illustrated in Figure 2.15 where K is plotted against z/z, with the same data
as in Figure 2.14. The assumption of K = 0.5 at depth underestimates the sub-surface
width of the settlement trough. Equation 2.23 should be used cautiously for values of

z/ z,, greater than 0.8 since it is not clear how the displacement vectors behave until a

radial distance of 1D from the tunnel lining.
Tunnel CL Transverse direction x
_
Surface settlement
profile

N

Sub-Surface
settlement profile

Figure 2.13. Transverse sub-surface settlement profile.

Combining Equations 2.4 and 2.22 gives:

125y, &
max __ ZO

(2.24)

0.175+0.325[1—i]

Zy

Attewell and Farmer (1974a) presented field data from subsurface deformation

measurements above tunnels in London clay, showing that S, increases with depth.

45



Chapter 2. Tunnel induced ground deformation and lining distortion

This is consistent with Equation 2.24.

i/Z()
0 0.2 04 0.6
0 e e
0.2 o i=0.5(zp-2)
o S i/2p=0.175+0.325(1-z/zy)
04 - = Green Park (Attewell & Farmer 1974)
S " i
g | o Centrifuge model (Mair 1979)
0.6 -
! - Willington Quay (Glossop 1978)
0.8 ‘: . a Regent's Park, Southbound (Barratt &
Tayler 1976)
1 - & Regent's Park, Northbound (Barratt &

Tayler 1976)

Figure 2.14. Plot of the normalised trough width parameter i against the normalised
subsurface profile z (After Mair et al., 1993).

0
0 -
|
0.2 ‘i
s 04 I — K={0.175+0.325(1-2/29)}/(1-2/z)
J 0T o Green Park (Attewell &
N 0.6 ‘ Farmer 1974)
' ‘ a Regent's Park, Northbound
0.8 1‘ (Barratt & Tayler 1976)
l a Regent's Park, Southbound
1 - (Barratt & Tayler 1976)

Figure 2.15. Plot of trough width constant K against the normalised subsurface profile
z (Aftair Mair et al., 1993).

According to Taylor (1995), in the case where K varies with depth then the surface
displacement vectors are directed towards a point 0.1752,/0.325 below the tunnel

axis. The results obtained for H, are 65% less than would be expected if the ground
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displacement vectors were aimed towards the tunnel axis (Fig. 2.16b). This is in
contrast to the findings of O’Reilly and New (1982) (i.e. vectors heading to the tunnel
CL in Fig. 2.16a).

Transverse direction x

\ / <\ /)
\ / NN /
\ / \
\ /
\ )/
D , N A \\ /
\ /
/
\ 7 i
\
\ //
N/ 0.17524/0.325
\ /
v/ v

a) According to O’Reilly and New b) According to Taylor (1995)
(1982) (X constant with depth) (K varies with depth)

Figure 2.16. Different assumptions for the surface deformation vectors (After Mair
and Taylor, 1997).

Through field observations at the Heathrow Express trial tunnels in London clay
Deane and Bassett (1995) concluded that the displacement vectors do indeed head
towards a point between the tunnel centre line and invert in one case. In another case
they observed that the vectors were directed towards a point at the invert of the tunnel
or below. The excavation at that scheme was performed using the NATM method

(New Austrian Tunnelling Method) rather than shield tunnelling though.

Mair and Taylor (1997) suggest that the failure mechanism due to tunnelling in clays
and in sands is totally different. In clays the failure mechanism develops upwards and
outwards (Fig. 2.17a). On the other hand, in sands the mechanism develops only
upwards (Fig. 2.17b). In clays, moreover, the zone of disturbance is wider than the_
tunnel diameter whereas in sand it is significantly narrow. Field observations as well
as lab tests in centrifuges produced by Kimura and Mair (1981) are consistent with

these findings.
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Figure 2.17. Advancing tunnel and deformation mechanism for different soil profiles

(After Mair and Taylor, 1997).

Summary

The most important points of the empirical and semi-empirical methods for predicting

soil movements due to tunnelling operations in soft ground are summarised:

e The previously mentioned predictions, supported by field data indicate that the

surface as well as the sub-surface settlement troughs along the transverse axis

seem to follow a normal probability curve. On the other hand, along the

longitudinal axis, the surface settlements seem to follow a cumulative probability

curve.

"o For twin tunnelling problems, super-imposition of the two individual settlement

troughs along the transverse axis is not valid since super-imposition under-

predicts the tunnel induced movements. This can be attributed to the interaction
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mechanism which causes asymmetry effects.
From the literature review a conflict amongst researchers has been revealed
regarding the direction of the surface displacement vectors due to tunnelling in a

greenfield site which requires further investigation.

2.4 Finite element analysis

In the previous sections empirical and analytical methods for estimating surface and

subsurface deformations in three dimensions (both transverse and longitudinal axes)

were presented. These methods are useful and valuable tools in every engineer’s

armoury. There are however some limitations in their use:

Empirical methods are only applicable to greenfield sites. The presence of any
other surface or sub-surface structure of significant stiffness cannot be considered.
Thus interaction effects between tunnel and other structures are not taken into
account.

The methods are mainly used for single tunnel construction. In the case of twin
tunnels, the pillar width (P) should be sufficient to ensure that no interaction
occurs. In other words when the two tunnels are positioned so far apart that they
can be considered as single tunnels the empirical approaches should be valid.

The methods can only predict the immediate settlements. Consolidation (long
term settlements) therefore cannot be estimated.

Another restriction is that good engineering judgement is required for estimating

some of the parameters (e.g. ¥, , S,.,.)-

Finally, they are not truly three dimensional, more like a combination of two 2-D

analyses.

An alternative to using empirical methods is numerical modelling (e.g. finite element

method, boundary element method, and finite difference method. These are briefly

described in Chapter 3). The Finite Element Method (FEM) provides substantial

possibilities of modelling any geotechnical problem. In particular it deals with

* “various types of interaction mechanisms during tunnel construction.
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2.4.1 Two dimensional FE analysis

2.4.1.1 Single tunnel construction

This section will focus on different tactics of estimating tunnel induced settlements

and interactions while conducting two dimensional FE (2-D) analyses. The

deformation which takes place in front of the face and above an advancing tunnel is

obviously a three dimensional (3-D) problem (Clough and Leca, 1989). Addressing

the problem in all its three dimensions however has the following shortcomings:

The high cost of 3-D finite element (FE) programs,

The high memory required to run such a program,

The amount of CPU time needed for the results and

The more complex a program is the more parameters are required to be specified

which sometimes are difficult to determine in practice.

The above disadvantages have until recently made most engineers reluctant to use 3-

D FE programs. Thus, 2-D analysis has been preferred, certainly by practising

engineers. Some of the most well known, validated and accepted methods of

modelling 3-D effects in 2-D analyses are presented in this section.

The Progressive Softening method proposed by Swoboda (1979). In this method
soil stiffness is progressively reduced in an equivalent tunnel area in front of the
face prior to excavation and lining installation. Engineering experience and
judgement is required for the choice of the proper reduced stiffness value.

The Convergence-Confinement (or 4) method described by Panet and Guenot

(1982). They introduced Equation 2.25 for this purpose:
o, =(1-1)o, (2.25)

where o, is the radial stress acting on the tunnel boundary after the lining
installation, o, is the initial ground stress prior to excavation and A is an

unloading parameter prior to lining installation ranging from 0 < A < 1. The

" factor ‘Ao, indicates the magnitude of the ¥, . Once again engineering judgement

is involved when choosing a suitable value for 4.

The Gap method presented by Rowe ef al. (1983) consists of allowing the tunnel
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face to be uniformly shrunk and let to rest until it reaches the underlying soil. The
vertical distance formed between the crown of the tunnel and its initial position is

the gap parameter G (Fig. 2.18).

D initial

D initial

~

_pGap r-—

D final

D "final

Figure 2.18. The Gap method by Rowe et al. (1983).

e The Volume Loss Control method introduced by Addenbrooke er al. (1997).
Incremental removal of soil elements takes place to model excavation. When the

spectfied value of V, is reached at each step then the calculation is terminated.

The horizontal stresses (o, ) prior to tunnel excavation at axis level equal to the
vertical stresses (o, ) due to the overburden weight times the coefficient of the earth

pressure at rest ( K ):
c,=K,0, (2.26)

It has been reported by Mair et al. (1981) that 2-D plane strain FE analysis fails
accurately to predict the shape of the surface settlement trough (especially so for
over-consolidated clays such as London clay where K, > 1) defined by Equation 2.1
(proposed by Peck, 1969). Instead it produces a much shallower and wider
distribution. Rowe et al. (1983) conducted parametric studies to identify the reason
for this discrepancy. They introduced non-homogeneity, anisotropy, plasticity, varied

the earth pressure at rest ( K ), the Gap parameter (G), the grout pressure and the unit

weight of soil (y). According to their work the most influencing factors seemtobe ¥, -~ =

(and consequently G), soil anisotropy, K, and plasticity.
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Lee and Rowe (1989) performed linear elastic-perfectly plastic 2-D FE analyses using
the Mohr-Coulomb failure criterion to determine the effect of soil anisotropy on the
settlement trough due to tunnelling. Their findings are in good agreement with field
and centrifuge data indicating that the Gauss curve is considerably affected when
using values of G,/E, between 0.2 and 0.25. G, is the shear modulus in the vertical

plane while E, is the Young’s modulus in the same plane.

Gunn (1993) carried out non-linear elastic perfectly plastic analyses using the small
strain constitutive models for soil by Simpson ef al. (1979) and Jardine ef al. (1986).
The latter assumes a monotonic stress path (stresses follow the same path when
loaded and unloaded) and is tested only for undrained conditions. The results seem to
improve the 2-D FE predictions compared to simple linear elastic perfectly plastic
models. Figure 2.19 shows plots of the error curve [i.e. Eq. 2.1, according to Gunn
(1993) it is called like that because “it corresponds to the expected distribution of

measurements of a physical quantity (S, in this case) when measurement errors are

random”] normalized by S, , against the transverse distance x normalized by i. Even

max

with this development the shape of the trough remains shallower and wider.

x/i

02¢

Range of results for

§y 04 . .
g non-linear elastic,
Zi perfectly plastic soil
Y osh model
o8r Error curve

10

Figure 2.19. Surface settlement profiles normalized by S__ (From Gunn, 1993).

max

" Simpson et al. (1996) appears to consider the effects of non-linear elastic behaviour
of low significance. On the contrary they present FE results which agree with the

field (from Heathrow Express trial tunnel) and lab data (using samples of London
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clay). These indicate that by introducing anisotropy the shape of the trough resembles

the Gauss curve; while non-linearity does not considerably alter the picture.

Addenbrooke (1996) investigated the effects of soil anisotropy (the findings coincide

with Simpson ef al. 1996) as well as the coefficient of the earth pressure at rest (K ).
By using reduced values of K, more realistic settlement troughs were obtained. For

these values however, soil stiffness is unrealistically high and unrealistic for

modelling London clay.
2.4.1.2 Twin tunnel construction

Experimental data and FE analyses show that tunnels excavated in close proximity
interact. Due to this interaction mechanism some additional movements take place
(asymmetry of the trough) which cannot be taken into account by empirical methods
described in previous sections. The minimum distance between the tunnels, to avoid
interaction effects, clearly varies according to tunnel position, in situ stresses, soil
properties, support conditions and sequence of excavation. What is the minimum safe
distance where no interaction effects between multiple tunnels driven in soft soil

occur?

Few engineers tried to deal with this problem and as a consequence there are not so
many published results. These results do not always coincide. Therefore, the answer
to this problem is still debatable. According to Ward and Thomas (1965) the
excavation of a second tunnel (D = 4.146m) driven in London clay at a horizontal
distance of 2.4m from the first (P/D = 0.6) produces an extra distortion to the lining
of the first of about 12%. Forty months later the distortion was reported to have
doubled.

Cording and Hansmire (1975) presented field data from tunnels (D = 6.4m) driven in
sand (excavation depth 14.6m) for the Washington D.C. Metro. It was reported that
the volume of material lost in the surface for the second tunnel was greater than that
lost in the tunnel face due to the 1nteract10n mechamsm The ﬁnal settlement trough
 was therefore no longer symmetrlcal The maximum drsplacement due to the second
tunnel was not located above the second tunnel but offset towards the first. This

mechanism produced an additional effect. An extra amount of deflection of the first
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tunnel’s lining was measured. The interaction between the two tunnels was found to
increase as the distance between them (pillar width P) decreased. Figure 2.20 shows
that as the ratio P/D decreases from 1.1 to 0.7 volume loss normalised by ground loss

(V) of the first tunnel increases by a factor of approximately 3. Another point

extracted from this figure is that the curve tends to become horizontal for values of
P/D > 1.1. This is clear evidence that interaction in sand ceases beyond this distance

for twin tunnel construction.

Ghaboussi and Ranken (1977) performed a parametric FE study of multiple tunnel
construction using mostly linear elastic and in some cases simple elasto-plastic

analyses with K, = 0.5 (Fig. 2.20). In this figure the vertical axis (AV [V, ) refers to

the ratio of the volume loss over the volume of the settlement trough due to a single
tunnel construction. Four-noded quadrilateral elements were used to model the
domain. The yielding surface was described by the Drucker-Prager criterion. The

varying parameters were pillar width (P), tunnel depth (z,), sequence of excavation

and support condition. They report that interaction effects are small for two adjacent
and lined tunnels when they are excavated simultaneously at P = 1D. However, at P >
2D there was no interaction at all. Therefore the tunnels could in this case be

considered as independent.

Due to construction of the second tunnel, the first tunnel and the surrounding soil may
move as a rigid body. The redistribution of stress creates an effect which is known as
“arching” around the second tunnel. This has as a consequence the load removal from
the crown of the tunnel. In other words, a reduction in earth pressure (Hansmire,

1984).

Kim et al. (1998) carried out reduced-scale physical model testing of deep parallel
and perpendicular shield driven tunnels in clay. Small amount of FE analyses took
place during this research. Consolidated kaolin slurry was used to produce the soil
samples for the test. An unrealistic value of 6% was given to the imposed ground loss

and a range of values from 0 49 to 0 59 for K The parameters of interest were P

tunnel alignment, overconsolldatlon ratio (OCR) and lining stlffness They suggested

that at P > 1.5D the interaction effects were found to be small. These findings are
similar with Ghaboussi and Ranken (1977).
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Figure 2.20. FE results (From Ghaboussi and Ranken, 1977) and field data (From
Cording and Hansmire, 1975) plotted in the same graph.

ol

Addenbrooke and Potts (2001) conducted coupled consolidation FE analyses of
multiple tunnels using two different small strain non-linear soil models (Jardine ef al.,
1986; Puzrin and Burland, 1998). Mohr Coulomb failure criterion was chosen for the
plastic region. They used a soil profile similar to the one reported by Barratt and
Tyler (1976) from Regent’s Park in London and assigned a value of ¥, = 1.4% for
the first tunnel. For the second it was predicted by the analysis. The earth pressure at
_rest for the London clay stratum was prescribed at K, =
isoparametric elements were used to model the soil and three node beam elements for

the tunnel lining. Time of excavation and pillar width between the two tunnels varied.

The latter parameter contributes significantly to the interaction mechanism, while the
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former does not. Only the effects due to the second tunnel construction were
considered in their analysis. Figure 2.21 shows a plot (with just four points) of the

reduction of volume loss of the second tunnel normalised by V against the ratio of

P/D for side-by-side tunnels. For this case interaction effects became negligible for P
> 7D (when D = 4.146m). On the other hand when the tunnels are vertically aligned
(piggy-back geometry) and the second tunnel is driven above an existing tunnel the
minimum pillar width for no interaction is P = 1D. When the second tunnel is driven
below an existing tunnel, there is always interaction no matter their relative locations.
Limited number of numerical analyses are presented which are not enough to draw

solid conclusions.
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Figure 2.21. Plot of the reduction of volume loss of the second tunnel normalised by
V, against the ratio of P/D (From Addenbrooke and Potts, 2001).

Cooper et al. (2002) presented the experimental results taken from the existing
Piccadilly line during a three station tunnel construction at the Heathrow Express
Central Terminal area. They confirmed Addenbrooke and Potts (2001) results
indicating that there is no extra distortion when the two tunnels have a pillar width
distance between 6D and 7D or greater. Figure 2.22 shows their field data from
various sites and the best fit line drawn to come up with_latter mentioned result. On

the vertical axis (V,,/V,, ) the ratio of the “remote over the near limb” of the

settlement trough is plotted similar to the ratio of AV, /V,, in Figure 2.20.

Addenbrooke and Potts (2001) and Cording and Hansmire (1975) have both drawn
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curves rather than straight lines when plotting similar graphs (Figs. 2.20, 2.21). Had
Cooper et al. (2002) done the same the minimum P would be less than that
recommended (around 4D to 5D) since at that area the curve would become almost
horizontal, indicating no further distortion. Furthermore, the best fit line drawn in
Figure 2.22 is highly affected from point B (Bartlett and Bubbers, 1970) which was
measured almost 37 years ago. Its accuracy thus might be debatable. A controversial
technique was adopted to extract the conclusion since by ignoring point B the best fit
line would cut the axis at a smaller P/D distance (around 4.5 rather than 6). This is
also evident by the area enclosed between the two dotted curved lines drawn by the
author of the current thesis which indicates that the interaction seems to stabilise
(when curves become parallel to the horizontal axis) at a smaller pillar width distance

than the one indicated by Cooper et al. (2002).
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Figure 2.22. Plot of normalised volume loss against normalised pillar width (After
Cooper et al., 2002).

Koungelis and Augarde (2004) presented results from parametric analyses undertaken
varying D, soil stiffness and tunnel position. A commercial geotechnical software

package was used (Plaxis v.7) for this purpose. Similar domain and tunnel geometry

‘with Addenbrooke and Potts (2001) was used. A simple linear elastic perfectly plastic’

soil model was incorporated with a Mohr-Coulomb failure criterion. For the

horizontal alignment case the results indicate that from a distance of P > 4D no
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interaction effects seem to occur. This appears to be conservative in comparison to
the values reported by Addenbrooke and Potts (2001). For the vertical alignment case
though the results seem to be in agreement with the previous mentioned publication.
Another interesting point is the direction of movement of the first tunnel’s pillar
springline due to the construction of the second. A stiff layer would force the pillar
springline to move towards the tunnel centre line. A softer soil would allow the

springline to expand and thus compress the pillar distance.

2.4.2 Three dimensional FE analysis

It is widely accepted that tunnel excavation is a 3-D process. It is expected therefore,
that full 3-D numerical analysis would improve the 2-D FE settlement estimations.
With recent advances in computing undertaking such analyses is less demanding and

the number of published papers using 3-D methods is increasing.

Lee and Rowe (1991) carried out a simplified analysis using their own software
(FEM3D) based on the Gap method on plane strain boundary conditions. The
technique adopted seems to be reliable when tunnelling in similar conditions as the
Thunder Bay tunnel (D = 2.47m) in Canada. An anisotropic simple linear elastic-

perfectly plastic soil model was adopted with a value of earth pressure at rest of K, =

0.85. The Tresca failure criterion was used modelling undrained conditions. A two
stage analysis was performed to simulate the face advance (Fig. 2.23). During the first
stage, axial and radial pressures are released ahead and around the tunnel face
respectively to simulate face loss. The physical gap parameter above the shield was
determined. In the second stage, the total gap parameter (ground loss and physical
gap) is applied over the total excavation length behind the shield. When this process

finishes the lining elements are activated.

Akagi and Komiya (1996) simulated coupled 3-D FE analysis of shield tunnelling (D
= 3.737m) in clay. A simple elasto-plastic constitutive model was used for the clay.

Special elastic elements were employed at the face and in front of the excavation. The

mesh around the shield was re-generated at every stage. The results presented seem to - =

be in agreement with field data. However they do not provide sufficient details about

volume loss and the FE program used.
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Figure 2.23. Description of the 3-D modelling of ¥, (From Lee and Rowe, 1991).

Dasari et al. (1996) simulated tunnel construction (D = 8m) in London clay using
NATM in both 2-D and 3-D incorporating the “step-by-step” (explained later in this
section) approach in a FE program (CRISP) which was developed at Cambridge.
They varied the sequence of construction and the elastic soil behaviour. From the
results presented the importance of both construction sequence (larger settlements for
larger excavation stages) and elastic non-linearities is highlighted. Dasari ef al. (1996)
state that the lining installation behind the face further restricts deformations. Plane
strain analysis (2-D) along the transverse axis (2DTNLE line in Fig. 2.24a) produces

approximately three times greater values of S, than the equivalent 3-D model

(BDTNLE line in Fig. 2.24a). Different types of analyses therefore give different
predictions for this type of problem. The field data they present from a typical

London profile (taken from Deanne and Bassett, 1986) seem to be in agreement with

3-D FE predictions.
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Figure 2.24. Comparison between numerical results and field data.
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Augarde ef al. (1998) presents another method to simulate excavation where the role
of the stiffness and self-weight of the elements inside the tunnel is ignored and the
lining shell elements are simultaneously activated. The latter elements then are
subjected to uniform hoop shrinkage by applying nodal forces in order to simulate the
ground loss. This procedure is incrementally applied in every stage of excavation
(Fig. 2.25). A problem highlighted by these authors was ensuring the current stage
shrinkage did not create any extra amount of shrinkage to the previous lining
installation stage. To overcome this difficulty Augarde ef al. (1998) constrained the
nodes which were at the face during the first stage. These constraints were then
removed at the next stage. The elements used to implement this method are described
in detail by Houlsby et al. (2000). Figure 2.25 shows how this procedure is applied. A
non-linear elastic perfectly plastic model is used to represent soil behaviour with a

value of K, = 1 and D = Sm. The research code OXFEM developed at Oxford was

used to run the analyses.

Tunnelling
direction

Stage 1

Stage 2

Stage 3

Stage 4

Figure 2.25. Uniform hoop shrinkage of the lining by applying nodal forces to
simulate the ground loss (From Augarde ef al., 1998).

Dias et al. (2000) proposed a new 3-D finite difference model of tunnel excavation

with a slurry shield TBM (Tunnel Boring Machine) using FLAC 3D. Their simulation
| consisted of four' phases: the faée suppdrt, Both over cut and conical shape of the
TBM, the grout injection in the annular void and finally the long term deformations.

Soil was modelled using a linear elastic perfectly plastic model. Field data from the
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Cairo metro (D = 9.8m) were used for evaluation with both 2-D and 3-D FE analyses.
Narrower settlement troughs were produced along the transverse axis compared with
the 2-D data (Fig. 2.24b). This is in contrast with the findings of Dasari ef al. (1996)
findings.

One of the most common techniques to simulate volume loss in 3-D is the so called
“step-by-step” method where soil elements are removed from the face of the
excavation creating an unsupported region (Ur) while lining is installed at a specific
distance behind the face. The importance of the length of this region was first
mentioned by Vermeer et al. (2002). A linear elastic perfectly plastic soil model was

used with a K, = 0.65. Their analysis (using Plaxis 3D) revealed that the longitudinal

profile is highly affected by Ur. Figure 2.26a shows the difference in modelling the
first excavation step. The upper line refers to a 2m lined step while the lower refers to
the unlined case of similar length. Settlements along this axis cease to increase at a
distance of 35m behind the face no matter how much the shield has advanced. This
condition is termed “steady state” (Fig. 2.26b). According to Vermeer ef al. (2002)
the step-by-step method is extremely time consuming. For this reason they introduced
another approach (the “all in once” analysis) where in the first phase soil elements are
de-activated while lining elements are activated throughout the whole length of the
excavation until steady-state conditions are reached. In the second phase an
unsupported region of excavation Ur is simulated while all displacements due to the
first phase are set to zero. The volume of the surface deformation trough is then
calculated. This volume corresponds to the volume loss of a single excavation stage.
A 2-D FE analysis is then undertaken using the previous calculated value of the
surface deformation trough to predict the settlement trough along the transverse axis.
In their analysis the tunnel (D = 8m) is positioned very close to the horizontal
boundary (just 4m). The uplift effect thus would significantly affect soil

displacements.

Franzius (2003) performed 3-D FE analysis to see whether transverse settlement
predictions would improve compared with 2-D. A non-linear elastic perfectly plastic
 soil model vwifh >a K, =15 was used with the fesearch code I;CFEP Fron; tﬁe result;
presented only minor improvements occurred. Soil anisotropy and different K

values therefore, were varied to identify their impact on the trough and the distance
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where the steady-state conditions appear. These studies showed that these conditions
do not develop for such a high value of K (Fig. 2.27a). Figure 2.27b shows that for
a smaller value ( K, = 0.5) they nearly appear at a distance of 13D (when D = 4.15m).

This is in agreement with Vermeer er al. (2002). The significance of Ur was also
identified suggesting that a higher value would decrease the number of the FE

elements and calculation time. These findings indicate that only with unrealistically
(for London clay) high values of soil anisotropy and ¥, and low values of K, the

settlement trough resembles with the normal probability curve.

100 90 80 70 &0 50 40 30 20 10 0
E 0 S— " 3 i [
% ; \\ & o | 8 o .\.».T._;:Z zln
g R by i
§ i \W Y e -
§ 5 - H:;’N“"“ o
1
R

E S steady-statel
%’ N\

g N

4 AN

: N

Lod

b) Steady state condition

Figure 2.26. Plots of S, along the longitudinal y-axis (From Vermeer ef al., 2002).
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Figure 2.27. Plots of S, along the longitudinal y-axis for different K, values (From
Franzius, 2003).

Galli et al. (2004) attempted to study the polycentric tunnel face (D = 11m) for both
shallow and deep tunnels with temporary lining support and soil nailing by using a
commercial FE package (LUSAS). Simple elasto-plastic properties with a Mohr-
Coulomb failure criterion were used for the soil. Excavation and lining installation
were simulated by incorporating 6 load cases for the first step. After that the last two
load cases are incrementally repeated. Soil nails drastically reduced the movements in

the face. The FE predictions between 2-D and 3-D analyses are in agreement.
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Summary

A summary of the most important aspects regarding the use of the FEM on tunnelling

related problems in both 2-D and 3-D is presented:

e Tunnelling is clearly a 3-D problem. However, due to limitations in computer
resources, researchers are trying to use 2-D plane strain FE analysis instead.

e 2-D FE predictions regarding the settlement trough along the transverse axis seem
to produce shallower and wider troughs compared to field data, especially so

when a high value of the earth pressure at rest is used (K, > 1). Small strain

constitutive models and anisotropy seem to improve these predictions.

e Another unresolved issue is the one regarding the interaction mechanism between
multiple tunnels driven in close proximity. Researchers who dealt with this
problem could not agree on the minimum distance where interaction reduces and
tunnels act as single.

o 3-D FE predictions regarding the settlement trough along the longitudinal axis

highlighted the importance of the length of the unsupported region Ur.

2.5 Lining distortion

Peck (1969) states three conditions for successful tunnelling. The first refers to safe
operation of tunnelling works. The second requirement is the protection of adjacent
structures. The final condition refers to the tunnel’s ability to withstand all external
loads which act upon it during its service life. In this section these loads and their

influence on tunnel lining will be considered.

Various lining types (e.g. segmented, shotcrete, steel) and shapes (e.g. circular,
horseshoe) can be selected by the designer depending on ground conditions and
excavation method. In this thesis only circular shield driven tunnels will be studied.
For the latter case a distinction should be made between temporary and permanent

lining. The temporary support is employed to ensure safe working during excavation

“while the>permanenvtris used for lbng—lasting stability.
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2.5.1 Lining response to gravity

According to O’Rourke (1984) linings do not carry the total overburden weight of the

overlying ground. The vertical (o,) and horizontal (o, ) stresses instead, are re-

distributed around the face due to mobilisation of the soil shear strength and
continuity. This effect is often called as “arching”. The tunnel therefore has to

withstand only the stresses which are not arched.

Mair and Taylor (1997) presented field data from 12 different tunnel cases driven in
London clay (Fig. 2.28). The lining load is expressed as a percentage of full
overburden weight at CL. These are plotted as a C/D ratio. The data collection refers
to one week and one year after lining installation. Figure 2.28 shows that the
measured lining load even after a year is below 70% of full overburden. In most cases

it varies between 40% and 60%.
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Figure 2.28. Overburden load against normalised ratio of C/D (From Mair and Taylor,
1997).

Similar measurements were made by Barratt et al. (1994) from Regent’s Park in
London, covering a longer period.of twenty years (Fig. 2.29a). The percentage of the -
full overburden load is plotted against time in a semi-logarithmic scale. Figure 2.29a
illustrates that the vertical load immediately after construction was approximately

30% of the total overburden. The lining load gradually increases until a value of 60%
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of the overburden stress 20 years later and then it seems to stabilise. Figure 2.29b
depicts data presented by Bowers and Redgers (1996) from another site in London
(St. James’s Park) covering a shorter period of 200 days. The same conclusions were

drawn as before.
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Figure 2.29. Overburden load against time.

Percentage of overburden

For normally consolidated clays K, takes values less than unity. This implies that the = .

vertical stress acting on the tunnel lining is larger than the horizontal. Thus the
original shape of the face alters from a circle to an ellipse, i.e. the vertical axis

shortens while the horizontal elongates. For over-consolidated clays such as London
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clay, K, is usually greater than one. According to Mair and Taylor (1997) it is

“erroneous” to consider that the horizontal stresses acting on a tunnel are greater than
the vertical. Barratt ef al. (1994) display in situ measurements from Regent’s Park in

London, which indicate that o, is about 70% of o, (at crown) even though K,
would range between 1.5 and 2. Bowers and Redgers (1996) point out that o, is
about 80% of o, (at axis level) at St. James’s Park in London, although K, is once

more greater than unity.

Ward and Thomas (1965) made short term (just a week after tunnel installation) field
observations from two different sites in London. These were from the Post Office
Railway tunnel and the Victoria Line tunnel. In both of them they reported a

reduction of the vertical axis dimension and an elongation of the horizontal.

Lee (2002) presented recent measurements from the London Docklands Light
Railway Lewisham Extension tunnelling scheme. Elongation of the vertical axis and
reduction of the horizontal became evident from the measurements. The excavation
took part in the Lambeth Group-Woolwich formation which is the London clay’s

underlying stratum.

Peck (1969) made the following working hypothesis to acquire lining deformation.
The lining is assumed to be placed without any ground disturbance. Re-distribution of
stresses will take place when the soil is removed from the tunnel’s interior. Further
assuming that the circular lining is ideally flexible, it will deflect to an elliptical shape
until equilibrium is reached. Stress distribution is almost uniform and no bending
moments exist. In the case of a perfectly rigid liner though, minor deformations take
place. This is because shear stresses are not mobilised as in the case of a flexible
lining. In situ stresses do not vary appreciably thus while the lining is subjected to
significant amount of bending moments (see Fig. 2.30). In reality however, linings

behave between this two extreme theoretical conditions.

Einstein and Schwartz (1979) presented a simplified plane strain analytical method

" (Relative Stiffness Solution) for tunnel supports in an infinite purely “elastic =~

homogeneous and isotropic one-layer medium. They tried to find a quick but accurate

way to calculate the soil-lining interaction effects and determine how the variation of
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lining and soil properties affects tunnel deformations. Two distinct cases were
identified: the stress field and the displacements prior and after the excavation. In the
latter case two extreme conditions were studied; the full slip (relative movements
between the lining and the ground are aloud) and the no slip (no movements between
the support and the ground are permitted). Variation of thrusts, moments and
displacements at springlines are plotted against compressibility (C’) and flexibility
(F) ratios given by Equations 2.27 and 2.28 respectively. Einstein and Schwartz
(1979) state, that this method is highly depended on the right choice of the loading
conditions to produce sensible results. Engineering experience and judgement are

necessary when using this method.
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Figure 2.30. Rigid and Flexible types of lining (From Peck, 1969).

, ER(1-v?)
C _m (2.27)

ER*(1-v})
R (2.28)

~where E, v and E,, v, are the Young’s modulus and Poisson’s ratio of the ground = *~

and the lining respectively. A4 is the cross-sectional area of the support and 7 is the

second moment of area of the support.
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Soliman et al. (1993) investigated how the sequence of construction of multiple
tunnels interacts with the stress distribution of the soil and the lining. They conducted
linear elastic 2-D and 3-D FE analyses. Equations 2.29 and 2.30 were used to

calculate the relative stiffness parameters (a, ). Their results are plotted in charts

that show the relative changes in stresses and deformations, in comparison with a
single tunnel analysis. These results imply that a single tunnel solution can be used to

find multiple tunnel solutions.

3
o JZ:RI (2.29)
L
ER
B = T4 (2.30)
L

2.5.2 Lining response to surface loading

Plenty of publications exist which study the interaction mechanism of soil, lining and
a pre-existing structure (non-greenfield site) response during tunnelling operations.
However the literature on the effect of surface loading on an existing tunnel is sparse
to this author’s knowledge. Most refer to the case of surface loading above pipes or
pile construction and pile loading and their effects on tunnels, which is beyond the
scope of the current thesis. Schroeder (2002) reviewed many relevant publications.
The main reason preventing engineers from dealing with the subject of surface
loading is the difficulty they face in accurately measuring the change of stresses
acting on the lining due to the applied load. The lack of field data results in

performing merely theoretical analysis.

Figure 2.31a shows the case of interest where a point load (W) is applied on the
surface. The total vertical load at the crown in an infinite elastic medium can be
estimated using Boussinesq’s coefficient (N) and chart in Figure 2.31b. The total
vertical load at the crown (Pcrown) Will be the sum of the soil’s weight (Ps;i) and the

contribution of the point load at the crown (Psyrface 10ad)-

Pcrown = P;Oil + Psurface load | . | | o (23i)

If the soil profile consists of n layers then the overburden weight will be the sum of

the weights imposed by every medium. Equations 2.32 and 2.33 express Psyrace load i

70



Chapter 2. Tunnel induced ground deformation and lining distortion

terms of stress and the Boussinesq’s coefficient N respectively:

NW

G.vmfuce load — CZ

L 1)

R=NT?+C’ (2.34)

(2.32)

(2.33)

where R is the distance between the point load in the ground and the crown, C is the
cover of the soil and 7 is the horizontal distance between the projection of the load in

the ground and the crown (Figure 2.31).

In the case of a uniformly rectangular surface loaded area a different approach is
adopted. The loaded area is divided into small sections and then integrated to obtain
the total effect at the crown. Newmark performed such an analysis and provided
analytical solutions in the case where L > B (Fig. 2.32a). The vertical stress at the

crown (o, ) below the corner of the loaded area is:

o, =My (2.35)

where M, is Newmark’s coefficient, which can be estimated from the chart of

Figure 2.32b and ¢ is the surface load.

Moore (1987b) described a semi-analytical solution that makes use of the Boussinesq
method and other closed form solutions to estimate the deformation of a buried pipe
(rather than a tunnel) in an infinite elastic medium due to surface loading. Boussinesq
method does not account for the effect of shear stresses and strains developing in the
overlying strata. It is only applicable in an infinite elastic medium and does not take
into account the interaction between soil and tunnel. 2-D FE analysis therefore was
also employed which can allow for these stresses to act in the medium. Provided that

realistic elastic ground properties are selected the semi-analytical method compares

- well with the numerical results. This procedure can be used for estimations of hoop™ -

forces, bending moments and ring deformations. Clearly there are problems however

with the assumption of elastic ground.
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Figure 2.31. Surface point load and Boussinesq’s chart (After Watkins and
Anderson, 2000).
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Figure 2.32. Rectangular loaded surface area and Newman’s chart (After Watkins
and Anderson, 2000).
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Moore and Brachman (1994) performed a 3-D FE analysis on the same problem
described by Moore (1987b). The current method makes use of a 2-D FE mesh along
the transverse x-axis and Fourier integral along the longitudinal y-axis. Firstly it was
successfully tested to a problem with known solution. Then it was used to estimate
thrusts from a case study. The theoretical data presented are in agreement with field
data from the same site. The use of 3-D analysis further improved the accuracy of the

thrust estimates compared to 2-D analysis.

Abdel-Meguid ef al. (2002) performed 2-D and 3-D non-linear elastic perfectly
plastic (Mohr-Coulomb soil model) FE analyses to model twin tunnel construction (D
= 4.9m) in four stages followed by excavation of an inclined surface profile (tunnel
unloading). Twenty-noded brick elements were used to model both soil and lining
elements. Excavation was modelled by adopting the element removal technique
described by Brown and Booker (1985). This study examines exactly the opposite
problem from the one of interest (tunnel unloading). A case study from York-Mills
Centre project in Toronto is used to compare the numerical results. Once more the
importance of carrying out 3-D analysis (rather than 2-D) became evident since the
outcome from such simulation was closer to field data (Table. 2.2). Another
interesting point was that the 3-D predictions regarding surface deformation and
lining distortion were almost half of the 2-D estimates. Similar conclusions were

drawn from Dasari ef al. (1996).

2D analysis® 3D analysis® Measured

Point of interest  South- North- South- North- South- North-

bound bound bound bound bound bound
Maximum 38 3 17 18 15 17
heave (mm)
Crown-invert 6 7 k) 6 4 4
Extension (mm)
Spring-line 9 10 4 5 35 4.4

Closure (mm)

* Defonnation resulting from wanel construction is subtracted for comparison purpose.

Table 2.2. Predicted and measured maximum deformations (From Abdel-Meguid et
al., 2002).
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Spasojevic et al. (2007) carried out a small scale physical model testing to study the

effects of surface loading above pipes driven in sand. The data from the centrifuge

tests showed that the deformations of the liner were just 0.1% of the diameter, in the

case where the load resembled the weight of a heavy vehicle. Hence, only a negligible

amount of the total surface load was transferred to the pipe.

Summary

In this section the most important features regarding the lining distortions due to

gravity and surface loading are summarised:

Various empirical and analytical methods exist to calculate the stresses which act
upon a tunnel liner due to the overburden weight. It has been reported though that
the methods which consider the full overburden weight are conservative since
only the 50% to 70% of the soil’s weight is transferred to the tunnel’s liner even
after 20 years.

In order to calculate the initial ground stresses an appropriate value of the earth
pressure at rest should be chosen. For normally consolidated clays the vertical

stress is bigger than the horizontal (K, < 1). For over-consolidated clays though
K, > 1, which implies that the vertical stress is smaller than the horizontal,

contrary to the field measurements.

Not many recorded data exist referring to the case of surface loading above
tunnels in soft ground. Analytical methods of calculating the transfer of load from
the surface to the crown (e.g. Boussinesq method) fail to make accurate
predictions since they do not account for the interaction or the shear stress and

they refer to an elastic medium. The use of the FEM overcomes these difficulties.
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Chapter 3

Implementation of the FEM on tunnelling

related problems

3.1 Introduction

In this chapter the fundamental concepts of the finite element method (FEM) are
presented along with its applications to tunnelling related problems. A comparison
with other numerical methods takes place in the first section followed by a brief
history of the FEM. The governing equations and formulation in general, which are
used to perform the finite element calculations, are then presented. Finally, important
aspects of the FEM dealt with by the author during the analyses performed in
Chapters 6 and 7 are discussed.

3.2 Difference between FEM and other numerical analysis
methods

Numerical analysis consists of various methods, apart from the FEM. Some of the
most widely used are: i) the finite difference method (FDM), ii) the boundary element
method (BEM), iii) the discrete (or distinct) element method (DEM) and finally the
most recent, and of great potential in the future, iv) the meshless or mesh free method

(MFM).

The basic idea in the FDM is to make approximations of the partial differential

equations by using finite difference equations at intersection points throughout the
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generated grid. This method is used in solving flow problems (i.e. fluid dynamics) for
instance. The current method has two major limitations. The first is that equal size of
elements has to be generated. Thus unlike the FEM, the grid does not consist of areas
or volumes of different density. Hence, instead of refining just around areas of
interest, the whole grid has to be refined which makes this method computationally
expensive for large problems. The second limitation refers to the restricted choice of

constitutive models available.

In BEM only the boundaries (in 2-D analysis) or surfaces (in 3-D analysis) of the
domain need to be subdivided, rather than the whole domain as in FEM, by using
partial differential equations. In the following step, closed form solution is applied to
each line or element. Usually, the formed matrices, which have to be solved, are not
symmetric. Hence the matrices are full of coefficients (i.e. not sparse). Direct or
iterative methods may be used to solve the system. The use of such methods confines
BEM to solving small size problems. For large problems the computational time

required to produce a solution is still prohibitive.

The DEM is employed to model movements of inter-connecting rigid blocks along
their common surfaces by assuming an initial velocity. Forces such as friction,
gravity and dumping, are then calculated at the joints of adjacent blocks following
Newton’s laws. The sum of these forces will define the total force vector (magnitude
and direction) per block. These forces become zero in the case where the elements are
no longer in contact. Solution to problems related to large scale translation and
rotation is derived in a series of time steps using interpolation methods. DEM
requires less computer storage to be used but is very expensive in terms of

computational time, compared to the FEM.

Meshless or Mesh Free Method (MFM) is a relatively new and vastly expanding
method which is used to solve linear and non-linear static or dynamic types of stress
analysis similar to the FEM. The difference is that there is no need to discretise the

problem domain. Instead, a set of nodes randomly distributed within the domain and

_on its boundaries is used to represent the investigated problem. The relation between . .

these nodes does not have to be specified, which means that they are independent of
one another. Thus the user can add, delete or transfer nodes during the procedure. The

next stages (i.e. analysis and post-processing) are similar to the FEM. MFM is proven
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to be time and cost saving since meshing during the pre-processing stage is omitted.
However, there are issues which have not been persuadably dealt with such as

modelling the interfaces and the shape functions used.

3.3 History of the FEM

The FEM as used in this research is a numerical analysis procedure for elastostatics.
A German mathematician, Richard Courant (1888-1972), was the first who thought of
discretising a continuum in triangular elements to deal with the torsion problem
(Courant, 1943). The proposed technique was further developed during the 1960s by
engineers, especially in the aerospace field. Turner et al. (1956) were the first to
derive solutions for plane stress problems which were discretised into triangular
elements. The properties of these elements were determined using the theory of
elasticity. Clough (1960) was the first to actually introduce the term “finite element

method” (Huebner et al., 1995).

Engineers from every field, not just civil and aerospace, soon realised the potential of
this method and it hence became one of the most widely used, flexible and efficient
tools for prediction. The existence of specialised FE software along with available

computer resources further contributed to its widespread use.

3.4 How the method works

The following steps are involved in the analysis of any continuum problem when
using the FEM:

¢ Element discretisation

e Interpolation functions

o Element equations

e Global equations

¢ Boundary conditions

. e Solutien . . . . e e

The above six steps are presented in detail in the following sections.
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3.4.1 Element discretisation

The geometry of the boundary problem which is under investigation is sub-divided
into a series of smaller regions which are called “finite elements”. These finite
elements are connected to each other at key points called “nodes”. The simplest forms
of finite elements have straight sides and nodes located only at the vertices. 2-D
elements of this type (usually called “/inear” elements) are: i) three-noded triangles
and ii) four-noded quadrilaterals. For curved sides (or straight sides with an increased
required accuracy) additional nodes are required which are usually placed in the
middle of each curved side. These are termed “quadratic” elements. The equivalent
types are: i) six-noded (three nodes at corners and three nodes at mid-side) triangles
and ii) eight-noded (4 nodes at corners and 4 nodes at mid-side) quadrilaterals. Finite
elements can be further classified (apart from linear and quadratic) into those
containing external nodes only (which lie on the sides and are connected to other
elements) and those containing internal nodes (which do not connect with other

elements). An example of such an element is the fifteen-noded triangle.

For the 2-D analyses presented in this thesis six-noded and the fifteen-noded
triangular elements were used to model the soil in Strand7 and Plaxis respectively.
The structural components (i.e. tunnel lining) were modelled with two-noded beam
elements in both computer programs. For the 3-D analyses (using Strand7 only) ten-
noded tetrahedral elements were used to model the soil and six-noded thin shell

elements for the tunnel liner.

In this first step the FE user has to make sure that the proper type and size of elements
are used. Thus engineering judgement along with expertise from published research is

required.
3.4.2 Interpolation function

In the second step the primary variable [In geotechnical engineering the primary
variable is usually chosen to be the displacements (u, v) for 2-D and (u, v, w) for 3-D]
'is interpolated through appropriate polynomial functions to every finite element of the
generated mesh. The order of the polynomial depends on the number of nodes used in

the finite element. Thus, for a linear element the displacement varies linearly across
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the element while for a quadratic element it varies quadratically. For simplicity
purposes only the polynomials used for the three-noded triangles (Eq. 3.1) in x, y

space (see Figure 3.1) will be presented. These are of the following form:

u=a, +o,x+a,y

v=p0+pBx+ By G-D

where: «; and S, are constant coefficients. By substituting the nodal coordinates into

Equation 3.1 the interpolation functions for each node can be expressed in terms of

nodal displacements:

U =a, +a,x +a,y,
U, =a, +a,x, +a,y,

Uy = +O,X; + A, Y,

(3.2)
v, =B+ Byx, + Byy,
v, =B+ Byx, + By,
v, =B+ Byxs + By,
Equation 3.2 can be solved for the constants ¢, and S, :
a. = ul(XZY3 _y2x3)+”2(x3y1 _x|y3)+u3(x1.}’2 _ny])
' 2A
a _ul()’z_y3)+u2(Y3_y|)+u3(y|_yz) (3.3)
2 - .
2A
- ul(x3 —x2)+u2(x, —'x3)+u3(x2 _xl)
} 2A
I x
where 2A =|l x, y,| =2 (area of triangle with vertices 1, 2, 3) 34
1 x, y
Combining Equations 3.1 and 3.3:
"= b +ex+dy + b, +c,x+d,y + by +cyx+dyy (3:5)

u U u
2A : 2A 2 2A 3

where:
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b =x,y; =Xy, ¢ =y,-y;, d =x;-x,
by=x:y,=Xy; ¢, =y;—y dy=x—x, (3.6)
by =x,x, =X, =y, —y, dy=x,-X

Uz Vi
X3 Y3
at
>~
<
=~
®
U, v Uz vy
X Yi X2 Y2
-
»
x-Axis

Figure 3.1. Three-noded triangle.

Similar set of equations to Equations 3.3 and 3.5 can be derived for S, and v

respectively (see Eq. 3.2). Expressed in simpler matrix format the following set of

equations is produced:

(u,)
Yy
{Z}=[N]= 2t or )= [va,) 3.7)
Uy
\v3‘
where
[N]:-N; 0O N, 0 N, 0 g
10 N, 0 N, 0 N, (3-8)

where {d,} provides the displacements of the finite element, [N ] is the interpolation
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function matrix (or shape function matrix) and {d,} is the vector of nodal

displacements. Hence, the displacement field of an element is expressed in terms of

nodal displacements. From Equation 3.5 N,, N,, N, are defined as:

=bl+clx+a'ly N =b2+c2x+d2y N :b3+c3x+d3y

2A » 2 > 2A

= (3.9)

1

The corresponding strains {¢,.} in the element for a plane strain problem can then be

derived from the following equations:

ou ov ou Ov
P =-—, F =—, }/w = — 4+ —
’ T 0y Ox

, 3.10
¥ ay ( )

or given in matrix format:

£

X

£, :{Elf}:[S]{dE}z[S][N]{dN}Z[B]{dN} (3.11)
Y

where: [S] is a differential operator matrix and [B] is the strain-displacement matrix.

[S] and [B] are given by the following Equations 3.12 and 3.13:

9
ox
[s]=| 0 9 (3.12)
oy
9 0
Oy Ox |
o, , N, AN,
ox ox ox
N
[B]=| o N g Ny N (3.13)
% oy oy
oN, ON, ON, ON, &N, &N,

dy o y & oy ox |

The corresponding stresses {o.} in the element for the same plane strain

approximation will be:
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o2

0') ={o,}=[DNe,} (3.14)

xy

~

where [D] is the constitutive matrix which for isotropic linear elasticity will be given

by Equation 3.15.

E 1-v % 0
D|l=——vr—— 1- 0 3.15
] (+vXi—2v) 0 OV e G.15)
2

E and v are the elastic constants (The Young’s modulus and the Poisson’s ratio

respectively).
3.4.3 Element formulation

One of the ways of deriving the FE equations is this. The principle of the minimum
potential energy has to be used along with the set of Equations 3.7, 3.11 and 3.14. For

an isotropic linear elastic material the total potential energy IT,. will be:

I, =U,-V,
U, = % fie,V {ophav =+ ~ Jla.¥ 187 [DIsYa, Jav (3.16)
= % I{dlj} = _[ [N]7 f/

where: U, is the strain energy of the element while V, is the work done by the
applied loads ( f,.) on the element, while dV' refers to the volume of the element.
The principle of the minimum potential energy states that at equilibrium, IT, = 0.

Thus from the set of Equation 3.16 the following can be written:

n, U, -V, =0
I V' BY [DBNd, jav — = J {a, J' INFAf,3av =0

dy ¥ ([IBY [DIBKY d, } = {a, ' [INT i, Jav
[K E ]{d N } = {Fl}

e
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where: [K,]= I[B]T [D]BJdv which calculates the element stiffness matrix and
{F.}=[N]{f,} which gives the total load vector for the element.

The element stiffness matrix [K, ] therefore, for a given constitutive matrix [D],
depends only on matrix [B], which is a by-product of [N] (from Eq. 3.13). Hence,

the interpolation function matrix will determine the element’s performance.
3.4.4 Global formulation

The next step is to pass from the element level to the structure level; i.e. having
defined the behaviour of the elements through interpolation functions of the nodal
displacements, the behaviour of the whole domain should then be evaluated. This is

achieved through the following set of equations in matrix format:
{dc}zz{d/v} [KG]:Z[KE] {FG}:Z{FE} (3.18)

where: [K ;] is the global stiffness matrix, {d,} is a vector containing the sum of the
unknown nodal displacements of the continuum and {F,;} is the global load vector.

The summations being made over the number of elements. The global equation then

can be written as:
[k Ko} =1{F;} (3.19)

The basic idea of the previously described procedure (see Equations 3.1 to 3.19) is
that the field variable (i.e. displacements) at a common node between connecting

finite elements is the same.

The way the coefficients of the global stiffness matrix [K;] are stored influences

both the amount of time required to run the analysis and the computer resources for
storing data. The non-zero coefficients (X in Fig. 3.2) are produced from the
connection of degrees of freedom (d o.f) belonomg to the same element or from a
" common degree ‘of freedom between 1nterconnect1ng finite elements Hence each
d.o.f is linked only with a small proportion of the total amount of d.o.f of the

problem. Consequently many zero coefficients exist within the [K ;] matrix, located
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away from its leading diagonal (Figure 3.2). The matrix therefore is characterised as
“sparse”. The non-zero terms (X) on the other, are located on and around the main
diagonal. Thus the matrix is also characterised as “banded”. If an efficient algorithm
is employed for node freedom numbering then the bandwidth (Figure 3.2) can be
minimised. In this case computer resources for storing the matrix can be reduced. All
commercial FE software can perform this process automatically to optimise storage

(i.e. reduce bandwidth).

X X 0
X X
X

N oo X
N oM X o

N oo X X o
AR

N X o X kX o o
NoXxxooooo
XX XoXxXxoooo

\

Symmetry > Bandwidth

Figure 3.2. Schematic representation of the global stiffness matrix [K;]. X stands for
the non-zero terms.

3.4.5 Boundary conditions

A final step is necessary prior to the solution of the global equations (Equation 3.19).
Boundary conditions must be imposed on the global equations in order to prevent
rigid body movements. This is achieved by prescribing nodal displacements. If not,

the global stiffness matrix [K;] will become non-invertible (i.e. singular). At this

case the system of the global equations cannot be solved.

3.4.6 Solution

The primary unknown of the global equation is the vector {d,;} containing the nodal

displacements of the domain. Therefore, in order to solve Equation 3.19 an invertible

matrix has to be created so that:
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[K1'[Ko Hde}y =K 17{F,) (3.20)

In practise inverses are never found due to the computational cost. Other methods are
used instead to solve the linear system in Equation 3.20. These methods can be

broadly categorised into direct and iterative.

Direct or iterative methods may be used to solve a linear set of global equations with

symmetric or un-symmetric matrices. Direct methods convert [K.] to an upper

triangular and then back-substitute to obtain the solution. The most widely used direct
method for solving a set of linear equations is the Gaussian elimination. Both Strand7
and Plaxis use this solution technique when a continuum behaves in a linear elastic

way. From the set of Equations 3.17 it is clear that [K ] and hence [K ;] depends on
the constitutive matrix [D]. This implies that the constitutive model used to describe

the behaviour of the continuum affects the order of the system of equations within

[K;] and thus the strategy of the solution. In the case of linear elasticity, the

constitutive and the global stiffness matrices are formed by linear systems of

equations and they are constants throughout the analysis stage.

Iterative methods on the other hand are rarely preferred for small systems of
equations. The reason is that it takes longer than the Gaussian elimination method to
derive a solution. For larger problems though, iterative methods are often more
efficient. The basic idea of the iterative methods is that an initial approximation to the
solution is made, which is then improved by successive iterations until convergence
according to some predefined measure. In both Strand7 and Plaxis, iterative solver

has been used.

Until now, the constitutive matrix [D] and hence the global stiffness matrix [K,]

were supposed to be constants; meaning that the constitutive model used to describe
the material behaviour was linear elasticity. However, soil behaviour is described

more accurately and realistically through non-linear constitutive models.

Consequently, [D] and [K;] are formed by non-linear types of equations and vary

with stress or strain levels throughout the analysis. Thus, different approaches should
be incorporated to solve the global equations. This is usually dealt with by analysing

as a series of linear increments so that the set of global equations is solved for each

85




Chapter 3. Implementation of the FEM on tunnelling related problems

increment:
[Kg1dd ), ={Fs}, (3.21)

where: {d}, is the incremental form of the unknown nodal displacements vector,

[K;], is the incremental form of the global stiffness matrix and {F}, is the

incremental form of the global load vector. By adding the solution for each increment
i the final solution can be derived. A number of solution techniques are available.
However only that implemented into the two commercial FE programmes used for

this research (i.e. Strand7 and Plaxis) is briefly described hereafter.

The Modified Newton Raphson technique is used in both Strand7 and Plaxis to deal
with the solution of non-linear equations in the global stiffness matrix. In this
technique, an initial approximation is made for the solution (curved thick line in

Figure 3.3), knowing that this will not be exact. Thus an error {F,},, is involved

during the first approximation. A new approximation takes place and the new error

during the second iteration {F(;},, is estimated (i.e. the incremental load vector, see

Figure 3.3) within the i increment. From that, the incremental displacement vector per

iteration {d;},, is hence estimated. Solution converges after a series of successive

iterations, as these vectors decrease enough in order to be within prescribed tolerance.
The amount of time required for convergence depends on the size of the problem (i.e.
size of the global stiffness matrix), the number of iterations and finally the load step

(i.e. error approximation). A drawback of the original Newton Raphson scheme is that

[K.], is not constant within every iteration. This proves to be computational costly
in terms of the required time to recalculate [K;], for each iteration. This prompted to

the Modified Newton Raphson scheme where [K ], is constant at every iteration.
(Huebner et al., 1995)
3.5 Constitutive models

One aspect of importance for FE analysis in soils is the appropriate choice of a

constitutive model which will best describe the real behaviour of soil or structural

components. In this thesis all structural components (i.e. tunnel lining) throughout the
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analyses were assumed to behave in a linear elastic way regardless of the dimension
of the analysis (2-D or 3-D) and the software used (Strand7 or Plaxis). On the other
hand, simple elasto-plastic models were employed to model soil behaviour. The

constitutive models used in this thesis are presented in the following sections.
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Figure 3.3. The Modified Newton-Raphson solution technique.

3.5.1 Elastic pre-yield models

Curved beam elements are used in the plane strain 2-D FE analyses using Plaxis to
model the tunnel liner. This structural material behaves under the generalised
Hooke’s law” in an isotropic linear elastic way. In order to be fully determined, this
model requires two elastic properties to be specified: e.g. the Young’s modulus E and
the Poisson’s ratio v. The term isotropic implies that both of these elastic moduli are
the same in all directions. The term linear denotes that the elastic properties are

constant. Finally the term elastic denotes the way the tunnel liner deforms when it is

unloaded.

? Hooke’s law focuses on springs rather than continuum bodies and states that the force needed to
elongate a spring is a linear function of the elongation. The generalised Hooke’s law in continuum
mechanics relates the strains with the stresses with a linear function.
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Two-noded beam elements and six-noded triangular thin shell elements are used to

model the structural components of the tunnel liner in 2-D and 3-D FE analyses

respectively using Strand7. In both cases the same assumption, of isotropic linear

elasticity was assumed, similar to the Plaxis modelling.

3.5.2 Simple elasto-plastic models

Fifteen-noded triangular finite elements are used in the 2-D FE analyses performed by

Plaxis to model soil. A simple elasto-plastic constitutive soil model is used for this

purpose. For elasto-plastic models the following three concepts of the theory of

plasticity (Calladine, 1969) have to be defined:

A yield function F, . A yield function has to be defined which indicates when the

material becomes plastic.
F, (o} {m, =0 (3.22)

where F, is a scalar function of stress {o} and state parameter {m,}. Three
distinct cases can be identified: /) when F, <0 then the material behaves in a
purely elastic behaviour, i/) when F, =0 then the material becomes plastic and

finally iii) the case where F, > 0 is impossible (Potts and Zdravkovic, 1999).

A plastic potential function F),. This function determines the direction of plastic
straining at every stress state by means of the flow rule.

£ = AGF_,,(M (3.23)
oo,

i

where £ is the incremental plastic strain, A is a scalar multiplier and m, is a

vector of state parameters. Two distinct cases can be identified: /) the general case

where F, # F,.. Then the flow rule is termed as non-associated and ii) the unique

case where F, = F, . The flow rule is termed as associated.

Hardening/Softening rules. These rules indicate the way the state parameters

vary with plastic straining. Two distinct cases can be identified: /) when the state
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parameters vary with plastic straining, then hardening/softening occurs (Figures
3.4a and 3.4b) and ii) when the state parameter is constant, then perfect plasticity

occurs (Figure 3.4c).

O A 0 A
D D
1457 3 IR B Oyl A
Oy4 A ’/ Oypl 7 “”““{AB D
0 C e O C e O C £
a) Hardening b) Softening c) Perfect plasticity

Figure 3.4. Different types of simple elasto-plastic soil behaviour under uniaxial
loading.

In order to model the plastic region Plaxis provides different material models to
choose from such as: i) the Mohr-Coulomb model, ii) the Soft soil model and iii) the
Hardening soil model (described later in this section). From these, the Mohr-Coulomb
model was chosen to perform the analyses in this thesis. This constitutive model can
simulate soil behaviour by initialising four to five parameters, in a simple way. More
sophisticated constitutive models have been developed in an attempt to simulate soil
behaviour more accurately and realistically (e.g. anisotropic models, kinematic yield
surface models). However, these require usually more than five parameters to be
defined, some of which are extremely difficult to obtain. As a result, the frequent use
of such complicated constitutive models is often prohibitive. This is why up to date
most FE users in industry prefer to make use of the simple elasto-plastic soil models
and Mohr-Coulomb in particular even though there are a couple of well known and

identified problems. These will be discussed later in this section.

Six-noded triangles and ten-noded tetrahedra are used to model soil when conducting
2-D and 3-D FE analyses respectively in Strand7. For the plastic region Strand7
offers a variety of constitutive models to choose from (e.g. Tresca, Von Mises, Mohr-

Coulomb and Drucker-Prager which are briefly described later in this chapter). From
’this list, the Mohr-CdﬁloniB model was efnployed for consistency with the Plaxis

analyses. In this way, comparison between the predictions of the two FE programs

was possible.
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The Mohr-Coulomb failure criterion is described by Equation 3.24 which is written in

terms of effective stresses:
r=c'+o'tang’ (3.24)

where: 7 and ¢’ are the shear and normal effective stresses respectively on the

failure plane (see Figure 3.5a) while ¢’ and ¢’ are the strength parameters, cohesion

and angle of friction respectively.

The behaviour of an isotropic linear elastic plastic hardening material under uniaxial

loading is presented in Figure 3.4a. When the material is loaded elastic behaviour
occurs along the OA line. If the value of o,, (yield stress at point A) is exceeded
then the yield stress increases to o, (contrary to the perfectly plastic case where the
yield stress is not increased) with o,, < o,,, and plastic straining occurs (OC). If the

material is unloaded then elastic behaviour occurs along the BC line which is parallel
to the OA line. As the stress increases to point D then the curve becomes horizontal

and the stress becomes constant.

The behaviour of an isotropic linear elastic plastic softening material under uniaxial
loading is presented in Figure 3.4b. Similar behaviour to the plastic hardening

material occurs, only this time when o,, is exceeded the new yield stress decreases
to o, (this time o,, >0,,). Once more the curve becomes horizontal at D where

the stress becomes constant.
3.5.3 Discussion of the Mohr-Coulomb model

The yield surface of the Coulomb failure criterion is described by Equation 3.24. This
can be re-written as follows (see Craig, 1992, pp. 102-103):
o, — 0, =2c'cosp’'+ (o] +0;)sing’

3.25
F(fo'h{m, })= o] - o} —2¢'cosg’ (07 + 01)sing’ = 0 (3.25)

where:: F,({c'},{m;})=0 is-the yield-function of the Coulomb failure criterion "

depending on the state of stress (o) and the state parameter m, . From Equation 3.25

it can be seen that the latter parameter is related to the following two strength
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parameters: cohesion and the angle of friction. Since Mohr-Coulomb is a perfectly
plastic model (no hardening/softening rules) the state parameter is constant. Hence ¢’
and ¢’ are constants regardless of the changes of stress or strain. Equation 3.25 forms
an irregular hexagonal cone if plotted in the principal effective stress space (see

Figure 3.5b). Figure 3.9 projects the same yield function F,({o'},{m,})=0 to the

deviatoric plane (i.e. normal to the space diagonal where o = o), = 03).

To fully describe this simple elasto-plastic model the plastic potential function has to

be specified. The state parameter m, is related to the cohesion, the angle of friction
and the angle of dilation y'. If associated flow is adopted then the plastic potential
function is the same with the yield function (i.e F,({o'},{m,})= F,({c'},{m, })). This
implies that the state parameters are also the same (i.e. m, =m,). Hence, ¢'=y'.

This unique case has two serious disadvantages regarding the proper modelling of

soil behaviour. The first is that the prescribed value of ' is unrealistic (i.e. larger) in

most cases compared to real soil behaviour. The second is that if associated flow is
adopted then soil will dilate for ever (Potts and Zdravkovic, 1999). By adopting a
non-associated flow, the plastic potential function resembles to the yield function (but

they are no longer equal).

F (o'} im, )= Fo (o'} {m, })

m, #m, (3.26)
¢I ¢ (//l

Hence, the first of the two previously mentioned problems, associated with the value
of y', is partly solved, since ¢'#y’ with 0<y'<¢@'. Another problem arises
however, since the predicted values of the new plastic volumetric strain keep
increasing as long as the soil yields. This is in contrast to the real soil behaviour. To
address the second problem, one strategy could be a strain dependent angle of

dilation. The commercial FE packages used in this thesis do not however offer this

option.

91




Chapter 3. Implementation of the FEM on tunnelling related problems

7 A

14 !
o, o, c

a) Mohr-Coulomb failure criterion.

O-I'A \ Z

[

g,

b) Mohr-Coulomb yield surface (After Potts and Zdravkovic, 1999)

Figure 3.5. Mohr-Coulomb model.

Thus, for the Mohr-Coulomb soil model, two properties need to be specified for the

_ elastic region of the deformations. These are the Young’s modulus £” and the

Poison’s ratio v'. For the plastic region three distinct cases exist:

i.  For the case of an associated flow where @' =y', only two parameters need to
¢ =y y p

be specified; i.e. ¢’ and ¢',
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ii. ~ For the case of non-associated flow where ¢'#y’' with O0<y' <¢', three

parameters are needed; i.e. ¢’, ¢’ and ',

iii.  Finally for the case where ' =0, only ¢’ and ¢' need to be known.

Depending on the type of flow rule therefore, four to five parameters need to be
specified, for this type of constitutive model. In Plaxis the user has the option of
initialising the angle of dilation. Consequently, a linear elastic perfectly plastic
constitutive model with non-associated flow is adopted where all five of the above
mentioned parameters need to be specified. In Strand7 on the other hand, the user
does not have the option of defining the value of the angle of dilation. Therefore an
associated flow has to be assumed for the linear elastic perfectly plastic constitutive

model. Consequently, just four parameters need to be specified.

So far, a difference in the way the two commercial FE packages model plasticity flow
has been highlighted; i.e. Strand7 uses plasticity with associated flow while Plaxis
uses plasticity with a non-associated flow. The predictions, from the comparative
analyses presented in Chapter 6 between the two packages, should therefore differ,

even slightly due to this differentiation.

3.6 Comparison of the Mohr-Coulomb yield surface to other

simple elasto-plastic soil models

In the previous section the Mohr-Coulomb soil model was described in detail. In this
section a comparison is made between the Mohr-Coulomb and other simple elasto-
plastic constitutive models available from Strand7. These however are only briefly
described since they were not used. These are: i) Tresca, ii) Von Mises and finally iii)
Drucker-Prager. The Tresca yield criterion is best described by the following yield

function;

F,(o},{im =0, -0, -25,=0 (3.27)

u

- where 07,0, are the maximum and minimum principal total stresses. The’ state*
parameter of the yield function is related to the undrained shear strength (S, ). Since

Tresca is a perfectly plastic constitutive model, the state parameter and hence the
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undrained shear strength are constant. Equation 3.27 shows that only one parameter

(S,) apart from the two elastic constants ( E,v ) needs to be specified (i.e. a total of

three parameters). However, this is a principal total undrained stress analysis. Hence,
by default v =0.5. This reduces to two, the required amount of specified parameters.
The yield function (Equation 3.27) plotted in the principal total stress space forms a

regular hexagonal cylinder (Figure 3.6b) which is symmetric along the o, =0, =0,

line. Figure 3.7b shows the yield function plotted on the deviatoric plane, showing
corners. This can prove to be a difficult task to handle in numerical analysis, since the

differentials are not unique at the corners (singularities at the yield function).

The Von Mises constitutive model is considered to be an improvement to the
previous. The yield function is similar to Equation 3.27. As with the Tresca criterion,
only two parameters need to be specified. The plot of the yield function on the
principal total stress space though, is a circular cylinder (see Figure 3.7a). Hence, no
corners exist, which makes numerical analysis less demanding. Figure 3.7b shows a
comparison between these two models when they are plotted on the deviatoric plane.
The two Von Mises circles in Figure 3.7b refer to the inscribed and circumscribed

circles of the Tresca regular hexagon.

The Mohr-Coulomb failure criterion plots as an irregular hexagonal cone in principal
effective stress space (Figure 3.5) In order to overcome the difficulty of the corners
(likewise Tresca and Von-Mises models), the Drucker-Prager model was introduced.
The latter plots as a cylindrical cone in principal effective stress space (see Figure
3.8). Figure 3.9 depicts the difference between Mohr-Coulomb and Drucker-Prager
models when they are plotted on the deviatoric plane. The two Drucker-Prager circles
in Figure 3.9 refer to the inscribed and circumscribed circles of the Mohr-Coulomb
irregular hexagon. The yield function is similar to the Mohr-Coulomb criterion.
Hence, five parameters (two for the elastic region and three for the perfectly plastic)
need to be specified. The Drucker-Prager constitutive model is perfectly plastic. Thus,

the plastic parameters are not strain controlled but constants.

Tresca and Mohr-Coulomb models are preferred, compared to Von Mises and

Drucker-Prager models, by most FE users even though more difficulties arise during

their implementation in the FE code. The main reason for this is compatibility with
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conventional soil mechanics where Tresca and Mohr-Coulomb are used.

: A

R

a) Tresca failure criterion

O-l% ,/(51463

25}

b) Tresca yield surface (After Potts and Zdravkovic, 1999)

Figure 3.6. Tresca model.

Q
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o, 0>
20
o
>
25
o,
a) Von Mises yield surface.
o,
A Tresca
Von Mises

b) Comparison of Von Mises and Tresca yield surfaces plotted on the deviatoric plane.

Figure 3.7. Von Mises model and comparison with Tresca model (After Potts and
Zdravkovic, 1999).
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Figure 3.8. Drucker-Prager model.

ol A Mohr - Coulomb

Drucker - Prager

Figure 3.9. Comparison of Mohr-Coulomb and Drucker-Prager yield surfaces plotted
on the deviatoric plane (After Potts and Zdravkovic, 1999).
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3.7 [Initial conditions

After the creation of both the geometry and the mesh of the boundary problem, the
initial stress conditions of the ground have to be specified prior to any analysis stage.
Similar if not identical values of stresses have to be prescribed to those acquired from
field measurements so that the resulting FE predictions are realistic. Thus this part of

the modelling is of great importance and unique to geotechnics.

In Chapters 6 and 7 the initial ground conditions were modelled using the “gravity
loading” method. This is described in detail in Chapter 6. The reason for this choice
was that this was the only method provided by Strand7. Hence, the same method was

chosen in Plaxis for compatibility purposes. However, in Chapter 4, where tunnel

excavation is modelled using just Plaxis, the “ K, procedure” of simulating the initial

ground stresses was chosen. This method can only be applied for a horizontal surface

profile and is described in this section. Vertical stresses (o) are generated using the
bulk unit weight of the soil. The horizontal stresses (o, ) are calculated using an
appropriate K, value (dimensionless parameter described in Chapter 2) from the

following equation:
c,=K,o! (3.28)

In this way the initial ground stresses are generated.

3.8 Excavation

The simulation of excavation in tunnel construction problems when using the FEM, is
discussed in the current section. The user has to specify the part of the domain to be
excavated and remove it (i.e de-activate it). The behaviour of the remaining active
part of the mesh will be the same as before the excavation if appropriate forces

(traction T which refers to the internal stresses of the domain prior to the excavation)

~ are applied instead of the de-activated part. Thus no changes of stress or displacement. . _ .

occur to the active part. If tractions are removed (i.e. by applying an equal and

opposite force in a series of increments if non-linear analysis is employed) then the

excavation boundary conditions are simulated (Brown and Booker, 1985).




Chapter 3. Implementation of the FEM on tunnelling related problems

In this thesis, tunnel construction and hence excavation is modelled only in 2-D
(using Plaxis) and is presented in Chapter 4. In this software the user has to create the
whole geometry of the boundary problem during the “Input Phase” (this is what the
pre-processing stage is called in Plaxis). The parts which will not be used during the
first stage of the analysis procedure (“Calculation Phase” in Plaxis) should be de-
activated and then re-activated at a later stage. The properties of the de-activated parts
(lining or soil elements) such as weight, stiffness, strength, stress and finally nodal
displacements are not considered (i.e. they are zeroed). The resulting boundaries are
hence free to deform. The previously mentioned properties of the now, re-activated,

parts are fully taken into account this time.

3.9 Volume loss

Volume loss as a process and its different variations has been fully described in
Chapter 2. The way Plaxis models volume loss (termed as contraction in Plaxis) for a
shield driven circular tunnel with a continuous and homogeneous tunnel lining is
presented in this section. Contraction is applied to the structural elements of the
tunnel to simulate the decrease of its cross sectional area. Contraction is the ratio of
the reduced cross sectional area over the original excavated area and is expressed as a
percentage. This value is applied to the activated structural elements of the tunnel.
This input value may not be fully reached during the analysis stage depending on the

stiffness of the surrounding soil or other nearby structural objects.
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Chapter 4

On the predicted direction of surface

displacement vectors due to tunnelling

4.1 Introduction

In this chapter the problem of the direction of the surface deformation vectors (both
vertical and horizontal) due to tunnelling in a greenfield site in soft ground is
addressed. The author has conducted a thorough research of the literature in this area
to reveal that geotechnical engineers (both in academia and in industry) seem to
disagree on the direction of these vectors. Three of the most commonly accepted
approaches are presented and analysed in the next section (Section 4.1.1) using plane

strain FE analysis with a commercial FE package, Plaxis v.7.

Problem configuration

Throughout this chapter, the same geometry has been employed. Figure 4.1 shows the
dimensions of the domain, kept constant throughout the analyses, as well as the
varying parameters of this study. Four different cases were investigated in an attempt
to shed light on this problem, i.e. to find which parameters influence the direction of
the surface deformation vectors. The first parametric study attempts to correlate depth
“to the tunnel axis, 20 with these vectors. The second paréiiﬁétﬁc sfudyrr'efers to thé
case where different tunnel diameters, D are modelled. The third parametric study

refers to the case where different increments of soil stiffness with depth, E. are

nc
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modelled. Finally the fourth parametric study refers to the case where volume loss,

V, varies. A total of 13 analyses were carried out.

x-Axis
Ny
_yY .
. ()==D
()
W
Y
120 m
When z, varies: When D varies:
D=4.146m zp=20m
Vi =1.4% V,=1.4%
E..c = 1000kPa/m E.. = 1000kPa/m

zp= 14m, 20m, 27m and 34m D =3,625m, 4,146m, 5m and 6.4m

When V, varies: When E,,. varies:

D=4.146m zp=20m

zp=20m V,=1.4%

Ein = 1000kPa/m D =4.146m

Vi =1%, 1.4%, 2% and 2.5% E,,. = 1000kPa/m, 2000kPa/m,
3000kPa/m and 4000kPa/m

Figure 4.1. Dimensions of the domain.

4.1.1- Analytical prediction methods

In the current section three well known approaches regarding the direction of the

surface deformation vectors due to tunnelling in soft ground are presented. For the
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first of these approaches O’Reilly and New (1982) introduced Equation 4.1 to

calculate the horizontal surface movements, H _ along the transverse x-axis.

H, ==, (4.1)

Zy

where S, is the vertical surface movements and z, is the depth to the tunnel axis (see

Figure 2.2). To ensure the validity of this equation the following assumption was
made: the net displacement vector (i.e. the resultant of the horizontal and the vertical
vectors) should be aligned with the tunnel centreline (CL). Figure 4.2a shows the
direction of these surface vectors at any point along the transverse direction. By
taking for granted that the previous assumption is valid then the following equation

can be extracted from Figure 4.2a (formed in the triangle OAB):

H
tand = — 4.2
S (4.2)

X

The following equations can also be defined using trigonometry from Figure 4.2:

tané = X
“o 4.3)
tan @

tang =
tan&

where £ is the angle formed in the triangle OA'B’ (see Fig. 4.2a) and £ is the angle
formed in Figure 4.2b. Since the two triangles OAB and OA'B’ are similar then

o=¢.

Figure 4.2b shows a plot of Equation 4.1 where the ratio of H_/S_ is plotted on the
vertical axis, while the ratio of x/z, is plotted on the horizontal axis. This equation

should be plotted as a straight line starting from the origin since it is of the following

form: y = mx. At the point where x =z, the vertical and the horizontal. surface
movements should be equal according to Equation 4.1 (i.e H, = S ). Hence, by using

Equation 4.3 tand =1.. { = 45°. Thus, Equation 4.1 should be inaccurate unless the

102



Chapter 4. On the predicted direction of surface displacement vectors due to
tunnelling

FE predictions indicate a similar angle £ .

Transverse
0O X - axis

< >

> S,

5B _J >Z()

y B’ J

A /

4.2a) Direction of the net
displacement vector

U

4.2b) Plot of Equation 4.1

»

xX=2p x/zy

Figure 4.2. Direction of the net displacement vector according to Equation 4.1
introduced by O’Reilly and New (1982).

Deane and Bassett (1995) presented field data from the Heathrow Express trial
tunnels driven in London clay using the NATM method of excavation. These findings

indicate that the surface displacement vectors were heading somewhere between the
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tunnel CL and the invert; definitely though within the tunnel. Figure 4.2a indicates

that if this was the case then tan& <1 and therefore at the point where x =z,

tang <1..4 <45°.

Finally, a third approach was introduced by Taylor (1995) who suggested that the
surface displacement vectors, in the case where the trough width constant K varies

non-linearly with depth (see Fig. 2.16), were heading at a distance of 0.175 z,, / 0.325

below the tunnel CL and definitely below tunnel invert. Thus by following the same

procedure as above Taylor (1995) predicted that at x = z,, { < 45°. This time though

¢ is less than the angle observed by Deane and Bassett (1995).

The aims of the analyses of this chapter therefore are to try and identify the pattern
these surface vectors follow in the FE modelling of tunnelling and the parameters that

affect them.

4.2 Details of the analysis

4.2.1 Introduction

Figure 4.3 shows one of the meshes used in this study. This particular domain can be
characterised as a medium density mesh with two denser areas. The first is inside and
around the tunnel area while the second is on the upper boundary (i.e. surface). In this
way more nodes are placed at these two areas of interest; hence, greater accuracy is
achieved. The mesh consists of 21,027 nodes (i.e. 42,054 d.o.f) and 2,537 fifteen-
noded triangles representing the soil. Curved beam elements are used to model the
structural components of the tunnel (i.e. lining). There is obviously a plane of
symmetry through the vertical tunnel axis. Consequently, half of the domain only
could be modelled in order to reduce the number of d.o.f and therefore save
computational time. However, for this size of a problem the difference in
computational time is minor. Thus it was decided that the whole domain should be .

modelled instead.

Initially the tunnel diameter was chosen to be D = 4.146m (commonly used diameter

104






Chapter 4. On the predicted direction of surface displacement vectors due to

tunnelling

The dimensions of the boundary problem were chosen to be 120m along the
horizontal x-axis and 50m along the vertical z-axis. These values lie within the limits

proposed by Potts et al. (2002) regarding the size of a domain.

4.2.2 Initial conditions

In this chapter, drained analysis is performed to calculate the initial conditions. These

are then modelled using the “ K, method” (which was described in detail in Chapter
3). The vertical stresses are generated using the soil’s unit weight y (o) = yz). The
horizontal stresses are then calculated using an appropriate K, value (o, = K,07)).

Plaxis uses the value of the angle of friction ¢’ to calculate K, (K, =1—sin¢"). This

method is commonly used among geotechnical engineers even though it has some
restrictions in its use; i.e. it can only be applied for a greenfield site with a horizontal
surface line (which is the case in this study). Prior to any excavation, the tunnel lining
elements are de-activated while the finite elements representing the soil in and around
the tunnel liner are activated. In this way the vertical and horizontal initial effective

stresses in the soil are generated.

The whole domain consists of a single clay layer, the properties of which are
presented in Table 4.1. In all calculations drained analysis is performed meaning that
there are no pore water pressures changes. Soil properties are expressed in terms of
effective strength parameters. Water is not present in this soil profile throughout the

analyses.

Boundary conditions are imposed in such a way that no movements are permitted
along the bottom boundary. Vertical movements are only permitted along the two

vertical boundaries. Finally, the top boundary is free to deform in every direction.

4.2.3 Constitutive models

The.structural components-of the domain (i.e. the lining)- are assumed to behave-in-a

linear elastic way. The parameters required to fully describe their behaviour are

presented in the Table 4.2.
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Parameter Name Value Units

Type of Behaviour Elastic region Linear Elastic -
Type of Behaviour Yield Surface Mohr Coulomb -

Young’s Modulus E,, 6.207x10° kPa
Poisson’s Ratio V' 0.3 -
Unit Weight y 20 kN/m’
Cohesion c' 5 kPa
Angle of Friction o' 25° -
Dilatancy Angle v’ 12.5° -

Table 4.1. Material properties of the soil.

Parameter Name Value Units
Type of Behaviour Material Type Elastic -
Young’s Modulus E 108 kPa
Cross Sectional Area A 0.168 m’
Second Moment of Area I 3.95136x10* m*
Poisson’s Ratio v 0.15 -
density YL 24 kN/m*

Table 4.2. Material properties of the tunnel lining.

A simple elasto-plastic model is incorporated to model soil behaviour. The plastic

region is described by using the Mohr-Coulomb failure criterion. This in general is a

rather simplistic way to model real soil behaviour. However, this was done mainly for

two reasons. Firstly, Plaxis v.7 does not offer a pre-defined list of non-linear soil

models and secondly, this type of behaviour is widely used and accepted by

geotechnical engineers since it only requires a few input parameters to be specified.

4.2.4 Modelling sequence

In all calculations, the analysis procedure began with the definition of initial effective
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stresses prior to tunnel construction, using a value of the ratio of effective horizontal
to vertical stress, K, = 0.6. Subsequently, two load stages are defined. The first refers
to the construction of the tunnel, simulated by re-activating the tunnel lining and de-
activating the soil elements inside the tunnel. The second load stage refers to the
imposition of volume loss for the tunnel. Each load stage was solved using standard

non-linear solution techniques (modified Newton Raphson) available in Plaxis v.7.

4.2.5 Analysis results

In the current section predictions of plane strain FE analyses of tunnel excavation in
soft ground are presented, focusing on the direction of the surface displacement
vectors. Parametric studies are then carried out in an attempt to try and identify which

parameters (if any) affect the direction of these surface vectors.

Figure 4.4 shows plots of the 2-D FE predictions when using Plaxis of the vertical
surface settlements (S, ) and the horizontal surface movements (/H, ) along the
vertical axis, against the transverse distance plotted on the x-axis, for three different i
(i.e. trough width parameter) values. This parameter is used in Equation 2.19
introduced by O’Reilly and New (1982), according to whom i is propo»rtional to the
trough width constant K and the tunnel axis depth z,. K should lie within a range of
0.4 to 0.7 for the type of soil modelled in this analysis. However, for simplicity it is
accepted that a value of K = 0.5 should suit most clay profiles. Hence, the first of the
three vertical lines plotted in Figure 4.4 refers to the case where i is calculated for a

given tunnel axis depth (z, = 20m) and K = 0.5 (this case for the rest of the chapter

will be referred as K;). The second line refers to the case where i is calculated for the

same tunnel axis depth (z, = 20m) and K = 0.6 (referred to as K}). Finally, the third

line is created by drawing a parallel to the vertical axis line which intersects with the

FE predictions regarding the horizontal surface movement curve (i.e. H ) at its

maximum point (referred to as K;. Therefore K; is not calculated using Eq. 2.19 like

K; and K; but by using the FE predictions). As a result this vertical line should ™

coincide with the point of inflection i at the FE predictions’ plot regarding the vertical

surface settlement curve (i.e. S, Attewell and Farmer, 1974a).
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The tunnel axis was driven at z, = 20m while the tunnel diameter was D = 4.146m.

The increment of soil stiffness was E,. = 1000kPa/m and volume loss was ¥, =

mc
1.4%. This particular case was regarded as the reference case for every subsequent

parametric study described in the current chapter.

Three different trough width parameters i were calculated for this graph (Fig. 4.4).
This indicates different shapes of the trough depending on the choice of the trough
width constant K. The maximum i value was calculated at K, and the minimum at K.
Finally, in the case where X is calculated from the FE predictions (Kj), the equivalent
trough width parameter i/ was closer to the K, case. These findings are presented in

Table 4.3.

2y=20m P —4146m E. =1000kPa/m y, =1.4%

I 2.5i
K, 10m 25m
K; 12m 30m
K; 11.24m 28.1m
Smax -0.004m
Hinax 0.002m
Angle { 43.5°

Table 4.3. Calculations of the trough width constants K;, K, and the angle { along
with FE predictions regarding K3, Spq: and H,,, for the reference case.

Figure 4.5 shows plots of the horizontal surface movements ( /) along the vertical

axis normalised by the maximum surface horizontal movement (H __ ). The latter

X,max

value corresponds to H_ at the point of inflection i (i.e. H = H_,). These

transverse values are plotted against the distance x normalised by the trough width
parameter i. Both of the axes are therefore expressed in dimensionless form. The
three different curves of this plot correspond to the three different K values described
carlier (i.e. Ky, K and K;). It is observed that the maximum of these three plots occur..
whén x =i as expected. This is the case especially for K; and K. A slight off-set can
be identified in the case of K;. These three plots seem to be almost identical within

the sagging zone (i.e. —1<x/i<1 see Fig. 2.1). However, it seems that they differ
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horizontal surface displacement vector H however seems to be less affected with

xX.max

an increasing depth of excavation. For the two shallow cases (z, = 14m and 20m) the
latter vector increases. For the two deeper cases however (z, = 27m and 34m), it

seems to stabilise (Table 4.4).

D =4.146m Eie = 1000kPa/m Vi =1.4%
z, = 14m z, =20m z, =27m z, = 34m
im) 2.5i(m) i(m) 2.5{m) im) 2.5(m) i(m) 2.5i(m)
K; 7 17.5 10 25 13.5 33.7 17 42.5
K> 8.4 21 12 30 16.2 40.5 20.4 51
K; 8 20 11.2 28.1 15.5 38.7 18.9 47.2
Smax -0.0043m -0.0038m -0.0035m -0.0034m
Hopax 0.0019m 0.0016m 0.0015m 0.0015m
Angle 51° 43.5° 44.2° 48.5°

Table 4.4. Calculations of the trough width constants K;, K, and the angle { along
with FE predictions regarding K3, Sy, and H,,. for a parametric study varying z,,.

In Figure 4.7 the horizontal surface movements /A, normalised by the maximum

horizontal surface movement H along the vertical axis are plotted against the

transverse distance x normalised by the trough width parameter i along the horizontal
axis for the four different excavation depths. These plots show that at the point of

inflection (i.e. x = i) the maximum surface horizontal movements occur (i.e. H =

H ) regardless of the depth to the tunnel CL. These four plots behave in an identical
way within the region of the trough (x/i <2.5). Beyond this region however, the

plots seems to diverge. This difference however, should not be considered since, as

mention previously in this section, the displacement vectors outside the trough’s

region are negligible.
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3.625m, 5m and 6.4m) along with the reference case presented at the beginning of the

current section where D = 4.164m. The excavation depth is constant at z, = 20m.

Table 4.5 summarises the most important features from the FE predictions of this
parametric study. It is evident that K; slightly reduces as the tunnel diameter
increases. Once more its value was closer to K. On the other hand the magnitudes of
both horizontal and vertical surface deformation vectors increase as the tunnel

diameter increases.

zy =20m E,. = 1000kPa/m V, =1.4%
D =3.625m D =4.164m D =5m D =6.4m
i(m) 2.5im) i(m) 2.5{(m) im) 2.5{(m) i(m) 2.5i{(m)

K 10 25 10 25 10 25 10 25

K> 12 30 12 30 12 30 12 30

K; 11.4 28.5 11.2 28 10.9 27.2 10.9 27.2
Smax -0.0028m -0.0038m -0.0059m -0.010m
Hpyax 0.0011m 0.0016m 0.0024m 0.004m

Angle { 42.6° 43.5° 43.8° 44.4°

Table 4.5. Calculations of the trough width constants K;, K, and the angle { along
with FE predictions regarding K3, Sya and Hyqy from a parametric study varying D.

In Figure 4.10 the horizontal surface movement H _ is plotted on the vertical axis and

is normalised by its maximum value (/A _, . ) against the normalised ratio of the

transverse distance over the trough width parameter (x/i) along the horizontal axis,
for the four different tunnel diameters. These four plots are identical within the trough
region (x/i <2.5). In addition they confirm that at the point of inflection (x/i =1)
the maximum surface horizontal displacement occurs (i.e. H =H)).

x,max

Figure 4.11 shows the ratio of H /S plotted against the ratio of x/z, for the four

.. different tunnel diameters. The area of interest lies' within the -following limit:- -

x/zy, =2.5K,. These four plots again seem almost identical, indicating the total

vectors have a similar if not the same, angle & . Figure 4.11 shows that at the point
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these analyses but once more its values are closer to K. The boundaries of the trough

extend until the distance of x/z;, =2.5K,.

Figure 4.12 shows the ratio H /H_, . plotted against the ratio x/i for the four

different cases of Ej,.. The main outcome from these four plots is that at the point of
inflection (i.e. x/i=1) the maximum value of the horizontal surface movements

occur (H The same outcome was

inc °

=H_,), regardless of the values of F

X,max
predicted in the previous parametric studies. These four plots behave exactly in the

same way within the region of the trough.

z, =20m D =4.164m V, =1.4%

E,.=1000kPa/m E, =2000kPa/m E, =3000kPa/m E, =4000kPa/m

i(m)  25im)  i(m) 2.5im) i(m) 2.5{m) im) 2.5i(m)
K 10 25 10 25 10 25 10 25
K 12 30 12 30 12 30 12 30
K; 11.2 28 11.6 29 11.6 29 11.6 29
Simas -0.0038m -0.0044m -0.0046m -0.047m
Hiax 0.0016m 0.0020m 0.0023m 0.0024m

Angle { 43.5° 49.2° 51.3° 52.3°

Table 4.6. Calculations of the trough width constants K;, K, and the angle { along
with FE predictions regarding K3, Spax and Hpq from a parametric study varying
E

inc *

Figure 4.13 shows the ratio H_ /S plotted against the ratio x/z, for the four values

of £

ne *

These four cases are identical until x/z, ~0.5.. x ~i. From the point of

inflection until the boundaries of the trough they seem to diverge significantly. This

finding suggests that the angle & should be different for each of the four cases. This
was further supported by the fact that at the point where x/z, =1, the horizontal
surface movement was never equal to the vertical surface settlement (i.e.
~H_/S, #1). The FE predictions presented in Table 4.6 indicate that the stiffer the
soil increment the larger the angle ¢ . For the less stiff increment of the four cases &

was found to be 43.5°. This indicated that the total surface displacement vectors

headed towards a point 21m from the surface, or just 1m below the tunnel CL. For
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point, and until the region of the trough (i.e. x/z, = 2.5K,, within the sagging zone),
the vectors seem to diverge. This is an indication that S_ rather than H_ is the
contributory factor to this change. At the point where x/z, = 1, the ratio of
H_ /S, #1 (except from the case where ¥, = 2%). This suggests that the angle

¢ #45°. In the case where V, = 1%, angle ¢ =40°. Thus the total vectors are
heading at 23.8m from the surface or at 1.75m below tunnel invert (similar to Taylor,
1995 findings). As volume loss increases so does ¢ . In the case where volume loss
takes its maximum value (i.e. ¥, = 2.5%) angle ¢ =47°, suggesting that the total
vectors are heading at 18.6m from the surface or just 1.4m above tunnel CL but
within the tunnel area. The only case where the total vectors were heading close to the

CL is when ¥V, = 2%, confirming the O’Reilly and New (1982) findings.

z, =20m D =4.164m E, . =1000kPa/m
V, =1% V, =1.4% V, =2% V, =2.5%
i(m) 2.5im) im) 2.5i{m) im) 2.5(m) i(m) 2.5i(m)
K; 10 25 10 25 10 25 10 25
K, 12 30 12 30 12 30 12 30
K; 10.5 26.25 11.2 28 11.6 29 11.9 29.8
Smax -0.0026m -0.0036m -0.0058m -0.077m
Hpox 0.0010m 0.0016 0.0025m 0.0032m
Angle { 40° 43.5° 45.6° 47.1°

Table 4.7. Calculations of the trough width constants K;, K, and the angle { along
with FE predictions regarding K3, Spax and Hyq, from a parametric study varying V, .

4.3 Discussion

In this chapter four parametric studies were described using 2-D FEM to identify

which parameters influence the trough width parameter i as well as the angle ¢ of

 the total displacement vectors at the point where x/z, =1.

The first study dealt with the depth of the tunnel axis. A strong relation was found

between z,, S

and i. However, the total displacement vectors seemed to be

max
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to a value of K = 0.6 rather than K = 0.5. Consequently when greater accuracy is
required for the measurement of the trough width parameter i, the value of K; should

be used instead.

O’Reilly and New
(1982) Deane and Taylor No correlation
. Bassett (1994) (1995)
(optimum value)
C/ID>17.7
z, 6<C/ID<17.7 43<C/D<6 Never CID<2.9
D (m) D> 6.4 3.6<D<64 D<36 D>>6.4
E,, (kPa/m) 10°< E,_<2x10® E, ~10° E, <10 2xI0°<E,_
V, (%) V, =2 1<V, <2 v, <1 2<V,

Table 4.8. Summary of the FE predictions regarding the direction of the deformation
vectors.
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Chapter 5

Finite element mesh generation using Gmsh

5.1 Introduction

The use of three-dimensional (3-D) finite element (FE) models for geotechnics is
increasing, in particular for the analysis of tunnelling projects, to simulate the
progressive excavation and lining of a tunnel (or tunnels), and to include features
such as underground services or surface structures and loading. A major overhead in
the use of 3-D FE models is meshing and this is particularly so for tunnelling
schemes. Tunnelling is still a very complex construction operation to undertake and
considerable effort is required to predict the effects of tunnel construction, interaction
with other structures and to ensure stability throughout. Prior to a tunnelling scheme,
geotechnical surveys are carried out to learn more about the ground properties and
conditions in which the tunnel is to be constructed. This process is vital in order to
decide which excavation method will be used. Of prime concern in modern tunnelling
in soft ground are the surface settlements and tunnel lining deformations that arise.
Despite their small magnitudes their differential nature makes them potentially

destructive to brittle surface structures, such as masonry buildings.

Settlement prediction is usually based on a semi-empirical approach as described in

many references (e.g. Boscardin and Cording, 1989 and Boone, 1996) but the

majority are however incapable of accounting for the presence of any surface

structures and any 3-D effects. For this reason, engineers have tumed to 3-D FE
analysis to make predictions for increasingly complex schemes involving more than

one tunnel, where the soil is modelled with elasto-plastic constitutive models. Until
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recently 3-D modelling was the preserve of academic research, but it is increasingly
being used by industry (e.g. Yeow et al., 2005). Much research is being undertaken to
improve modelling for this problem: some recent examples can be found in references

Burghignoli ef al. (2006), Franzius et al. (2006) and Jenck and Dias (2006).

To arrive at predictions of the effects of tunnelling using a FE model can be seen as a
three-stage procedure: pre-processing, analysis and post-processing. Many papers
report the difficulties associated with 3-D FE analysis for tunnelling (Addenbrooke
and Potts, 2001; Augarde and Burd, 2001) however the majority concentrate on
aspects relating to the analysis stage such as material properties and constitutive
modelling. Little has been published to help those attempting to make the pre-

processing stage more efficient.

Pre-processing involves the generation of a suitable FE mesh, and imposition of
boundary conditions. Preparing, and checking, a mesh for a complex tunnelling
simulation can be extremely time-consuming. This chapter introduces a parameterised
scheme for automated, more efficient and robust 3-D mesh generation of highly
complex tunnelling layouts using a freeware mesh generator (Gmsh). Comparisons

are made with mesh generators found in commercial FE software.

5.2 Volume division into elements

Mesh generation is the art of dividing a volume into elements, a subject with a
surprisingly long history. Plato and Aristotle were the first who dealt with this issue,
almost 2,300 years ago (Senechal, 1981) although obviously not doing this for the
purposes of FE analysis! A wide variety of techniques have since been developed to
fill a 3-D volume with finite elements and the research literature on this topic is now
vast. Thompson ef al. (1999) and Frey and George (2000) summarise much of the

recent development.

Mesh generation can be regarded as a volume-filling technique. These can be broadly
divided into structured (uniform and-non-uniform) and unstructured-approaches. The -
former are based on generation from two or more groups of parallel lines which
intersect (if both groups have parallel lines which intersect then uniform mesh, if only

one group has parallel lines which intersect with the other non-parallel group then
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non-uniform mesh). Structured meshes are straightforward to generate but can be
highly inefficient for complex geometries. Unstructured techniques are more widely
used and are usually based on one of the following methods: the advancing front
method, the paving method or the 3-D version of Delaunay triangulation method
(Topping et al., 2004). Many geotechnical analyses are carried out with the
assumption of near-incompressibility (to model undrained conditions). In this case it
has been shown that tetrahedra outperform hexahedra particularly for linear elements
(Bell et al., 1993; Burd et al., 2000). Tetrahedra are also much better for modelling

curved boundaries (e.g. a tunnel outline).

5.3 Mesh generators in commercial FE software

The three stages of pre-processing, analysis and post-processing are usually
incorporated into a single package in commercial software. Interestingly, the
geotechnical software Plaxis installs as a single package but each stage appears as a
separate program (Input, Calculation and Qutput). In contrast many geotechnical
researchers choose to use separate software for each stage. This allows them
flexibility to adapt the part in which they are most interested (usually analysis). This
approach tends to be error prone due to data transfer. Some commercial packages are
restricted to the creation of structured meshes and for tunnelling problems parts of the

meshing have to be done by hand.

As an example of the shortcomings of using a structured mesh generator a small and
simple single horizontal axis tunnel problem will be discussed. The dimensions of the
domain are presented in Figure 5.1. This problem is symmetrical around the vertical
tunnel axis thus, only half was modelled. At the beginning, a slice of the mesh
including the tunnel was created (Figure S.2a). The elements used for this analysis
were tetrahedra (for the reasons described above), from decomposed hexahedra. This
slice was then extruded in the direction of the y-axis (Figure 5.2b). Producing even
this simple mesh can be time-consuming. For a series of analyses in a parametric

study where, say, the tunnel depth (z,) or diameter (D) is varied, this must be

repeated almost from scratch, each time. Some time can be saved if the first mesh is

carefully part-generated as shown in Figure 5.3a and re-meshing for different

analyses then involves the sub-section around the tunnel, although care is needed to
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ensure coincidence of nodes. This problem is straightforward mainly due to the
simplicity of the geometry. Things become more complicated though when the axis is
inclined (Figure 5.3b) or even curved (i.e. no symmetry). The procedure is more or
less similar as the one described above. This time however, the first block of elements
(the elements which form the tunnel in particular) cannot be extruded towards the -
axis. This is because the longitudinal axis is now inclined. The whole volume of the
inclined tunnel thus, has to be re-designed element-by-element. This procedure is
even more time consuming although the coarser elements close to the boundaries can

be extruded as before (Figure 5.3a).

The two procedures described above refer to a single tunnel analysis. For more
complicated geometries, e.g. twin tunnel construction, meshing time tends to be

prohibitive for any user if an extended parametric study is required.

A

g
1

5D

DI2

.
F
z-AXis

/L\ -Axis x-Axis
5, »>—
D\-/~ 4D

Figure 5.1. 3-D FE analysis of a single horizontal tunnel.
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Figure 5.2. Meshing of a single horizontal tunnel axis in soft ground using a

commercial FE mesh generator.




Chapter 5. Finite element mesh generation using Gmsh

a) Partly generated mesh

b) Meshing sub-section
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Figure 5.3. Meshing of an inclined tunnel axis geometry.
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5.4 Parameterized mesh generation

Motivated by the need to generate a large number of meshes for a parametric study of
both single and twin-tunnelling, a scheme based on parameterizing analyses has been
developed. The mesh generation software used is the versatile freeware package
Gmsh (v. 1.65), developed by Geuzaine, C. and Remacle, J.F. (2005). Analysis and
visualization use a commercial FE package (Strand7). This chapter focuses on the
pre-processing. It has to be stressed here that all the 3-D generated meshes refer to the
case of already driven tunnels with their permanent lining installed. Thus finite
elements are not generated within the volume of the tunnels. The purpose of this

chapter is to examine the issues associated with pre-processing, not a full analysis.

The parameters that will be used to describe a range of geometries are shown in
Figures 5.4 and 5.5. Where D is the tunnel diameter, x1 and z1 are the horizontal and
vertical shift of the tunnel axis respectively, and k1 is the tunnel inclination along the
z-axis. The dimensions of the problem are identical to those described for the

commercial structured mesh generator in the previous section (see Figure 5.1).

Gmsh 1s a fully automated 3-D unstructured tetrahedral mesh generator in which the
Delaunay triangulation algorithm is implemented in 3-D. This algorithm is based on
the assumption that no other points exist within the circumcircle of a triangle apart
from the three points which form the triangle. This definition is adequate for a 2-D
space. For a 3-D space the equivalent algorithm can be expressed as follows: no

points exist within the circumsphere of a simplex other than those which form it.

Gmsh works either via a GUI or from an ASCII file containing commands. An
attractive feature is the possibility of variable substitution in this input file. For
instance, the outer dimensions of the mesh can be defined as X, Y, Z and their values
defined at a single point prior to their first use in the file. This allows easy generation
of different meshes by variation of the definitions, a major improvement from the
approach using structured meshes described above, and a positive advantage for
7 _pggg:rgqtgg studies. One of its main capabilities is the specification of a local.adaptive -
parameter “characteristic length” (ChL) which can be applied to selected points in the
model. In this way, the user can refine some areas within the mesh to achieve greater

accuracy in the areas of interest. Such areas can be between materials of different
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properties (i.e. soil-structure). However, engineering judgement and experience is

required in order to decide on the level of detail within the domain.
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Figure 5.4. Three different tunnel positions (py, p; and p;) of a horizontal tunnel.
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Figure 5.5. Inclined tunnel geometry.
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5.5 Mesh quality

In order to measure and validate the quality of a generated mesh various shape
measures are used. The most common found in literature are presented by Naylor
(1999) and Field (2000). For convenience and compatibility purposes the range of
these shape measures is [0, 1] with unity indicating an equilateral element. Gmsh uses

the following shape measure: aspect ratio (y) which is defined as:

7=£[3V/(ZFA)]

5.1
76 L (.1

where V is the volume of the element, L is the maximum edge length and ZFA is

the sum of the face areas.
5.5.1 Description of the code

In this section mesh generation for the simplest tunnelling scheme (single tunnel with
a horizontal axis) will be described. In this way the difference in philosophy to the
structured approach described above will become evident. The user has to write a
simple code in a text file (see Appendix A) as an input file. The main input operations
executed by Gmsh in order to generate a FE mesh are presented with a flowchart in

Figure 5.6. Each operation is described in detail below in this section.

The geometry of the problem should have a bottom-up orientation. At the beginning
of the file, several parameters which specify the geometry of the domain (see Figures
5.4 and 5.5) and the size of the finite elements are defined with the use of numeric

values or by employing other previously initialized parameters as follow:

D=4,

X=8D;
Y=35D;
Z=15D;
CChL1=D;

Where D is the tunnel diameter, X, Y and Z are the dimensions of the domain in space

while ChL1 refers to the size of the finite elements within the mesh. In this case the

135



Chapter 5. Finite element mesh generation using Gmsh

domain consists of elements of the same size. In the case where the domain consists
of elements of different sizes then more ChLn values should be initialised (where »
refers to the number of the different CAL values). After the initialization of the above
parameters, points, lines surfaces and volumes have to be defined. These are called
“elementary entities” in Gmsh. An identification number is assigned to each

elementary entity within parentheses (see Equations 5.2 to 5.10).

e )
Read the defined parameters
. J

y

=

-
Read and draw the specified

nodes
\ J

4

Connect nodes to form 1-D
elements (i.e. lines, curves, etc)

Connect 1-D elements to form
2-D elements (i.e. planes)

y

Connect 2-D elements to form
3-D elements (i.e. volumes)

y
[ Generate mesh }

Figure 5.6. Flowchart of the main operations executed by Gmsh in order to generate a
mesh.

Points at the boundaries of the domain are defined as:
‘Point (1) = {x, y, z, ChL1}; R 5y

The first three parameters within the braces refer to the coordinates of the particular

point in the 3-D space (either numeric values or in respect to the global coordinates X,
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Y and Z) while the fourth refers to the characteristic length (ChL1) of that particular
point. Every point can have the same or a different characteristic length compared to
the others. By this procedure one can change the values at the very beginning of the
code to alter the geometry of the problem or the density of the generated mesh rather
that having to re-design part of the domain manually (as in the structured commercial
mesh generators). This is where most of the time is saved compared to other

commercial packages.

The next step is to connect two consecutive points in order to form a line, an arc, a
spline, an ellipse or any other type of curve. For the current design (Figure 5.4) lines

and arcs were employed only, e.g.

Line (1) = {1, 2}; (5.3)

Circle (1)= {2, 1, 3}; (5.4)

The values within the braces of the former command (“Line”) refer to the
identification numbers of the points which will be connected. The middle value
within the braces of the latter elementary entity (“Circle”) refers to the origin point of

a circle while those on either side refer to the start and end point of the circle’s arc.

Then a “Line Loop” command creates a closed loop of lines, circles or ellipses which
in turn, later on will form a surface. In order to create surfaces, a distinction has to be
made between a “Plane Surface” (formed by straight lines) and a “Ruled Surface”

(formed by curved lines), e.g.

Line Loop (1) = {1, 2, 3, 4}; (5.5)
Plane Surface (1) = {3}; (5.6)
Ruled Surface (1) = {5}; 5.7

The numbers within the braces of the “Line Loop” command refer to the
identification numbers of the elementary lines or circles. A line loop should form a

closed loop in Gmsh. The values within the braces of “Plane Surface” and “Ruled

“Surface” refer to the identification number of the “Line loop” command. “Surface

Loop” creates a closed loop of elementary surfaces which in turn, later on will form a

volume.
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Surface Loop (1) = {1, 2, 3, 4}; (5.8)

Volume (1) = {1}; (5.9)

The values within the braces of the “Surface Loop” command refer to the
identification number of the elementary surfaces which will form this loop. The latter
has to represent a closed volume. Finally the last command indicates the creation of a
volume. The number in the braces of the “Volume” command denotes the
identification number of a “Surface Loop”. The Gmsh code is fully presented in the

Appendices A to E.

In order to adjust the level of the tunnel axis to the desired position the user has to
define two new parameters (x1 and z1, Fig. 5.4) at the beginning of the code and
introduce them within the braces of the “Point” command as well. With this
procedure the tunnel axis can be reallocated horizontally and vertically. Another
parameter (k1) may be introduced in the code in order to create an inclined tunnel
geometry. The opening of the tunnel is fixed at the same level as for the horizontal
geometry. The ending will be lower this time. Therefore &1 will be introduced within
the braces of the “Point” command when defining the coordinates of the ending hole
only. When k1 = 0O then the axis is horizontally aligned. For non zero values though,

the tunnel becomes inclined and the angle of inclination is ¢ (Fig. 5.5) where:
¢ =tan™ (%) (5.10)

Likewise more parameters can be introduced within the coordinates of the points
which will alter the shape and the size of the geometry. They will only be initialised if

they have non-zero values though.
5.5.1.1 Equal size finite elements

In order to validate the quality of meshes using this system, a series of generation
scenarios are now described, using the code which is described above and fully
_presented in Appendix A. In. the first case the size of the finite elements is the same
all over the domain. In the second the elements within the tunnel and their projection
to the surface have a different size from the rest in the domain. Thus two different

characteristic length values are introduced (ChL1 and ChL2). In both cases the

138



Chapter S. Finite element mesh generation using Gmsh

dimensions of the problem and tunnel diameter are constant. The two parameters
which vary are the level of the tunnel axis (i.e. x1, z1) and the size of the finite

elements (ChL1 and ChL2).

In the first case a tunnel with a diameter of D = 4m is driven at a depth of zy = 2.5D
having its longitudinal axis horizontal. The dimensions of the domain are presented in
Figure 5.4. ChL throughout the domain is D/5 (in m) and D in the first and second
analyses respectively. The two different CAL values are chosen in order to observe
how mesh quality is affected by the size of the elements while the position of the
tunnel varies. Three different positions are chosen for this purpose (Fig. 5.4). For the
first (py) the tunnel is driven in the middle of the domain (i.e. the most favourable
position in the mesh). In the second (p,) the distance between the right springline and
the right vertical boundary is just D/40 (i.e. an unfavourable position and, in practice,
not a mesh an analyst would actually use). Finally in the third (p;) the distance of
both the crown and the right springline from the top and right vertical boundaries
respectively is D/40 (i.e. the worst position in the whole domain). A total of six

analyses thus are performed in this section.

Figure 5.7 plots the number of the generated finite elements against their quality (y
factor) for a very fine mesh (ChLI = D/5). From this figure it is obvious that the
location of the tunnel does not affect the quality of the finite elements notably, even
for the two most unfavourable tunnel positions (i.e. p; and p;). This can be explained
for the following reasons. The mean values of y (the average value of the distribution)
shown in Table 5.1 are almost unvarying for each of the three tunnel positions. The
number of the generated tetrahedra is roughly constant regardless of the position of
the tunnel. Hence, the required time for the generation of these elements is roughly
the same as well. The three y curves are smooth and almost identical having their
modal value of y (the most frequent value in a distribution) at approximately y = 0.77.
This is an indication that large areas of the domain consist of elements of good
quality, since the area where most of the elements are projected is around the above
mentioned y value, which is close to unity. For the two unfavourable positions though
(i.e. p; and p,) there are a few tetrahedra (less than 1% of the total number of o

tetrahedra) with 0.25 <y < 0.5. This can be attributed to the position of the tunnel (i.e.
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close to the boundaries) since there is not sufficient space between the liner and the

boundaries to form equilateral tetrahedra.

Figure 5.8 shows that for a coarse mesh (ChLI = D) the quality is vastly affected by
the position of the tunnel unlike the very fine mesh case described above. The three y
curves this time are not identical, having different mean values of y for every different
position (py, p; and p;). The mean y value decreases radically from pj to p; varying
from 0.67 to 0.49 (Table 5.2). The maximum of these y values correspond to the most
favourable position of the tunnel in the domain (py) while the minimum value
corresponds to the most unfavourable position (p;,). This is an indication of mediocre
to bad mesh quality. The three modal values though are only slightly affected. The
comparison of Figure 5.8a with Figure 5.7a at the same axis position (at py) but with
distinct ChL produces acceptable results. At p; and p, though (Figures 5.8b and 5.8c),
the projected areas are totally different compared to the cases shown in Figures 5.7b
and 5.7c. This time the area where most of the elements are projected is shifted to the
left, towards the zero y value which implies irregular tetrahedra and hence poor mesh
quality. Various badly shaped tetrahedra (the shape measure of these elements is
between 0 < y < 0.5, see Figure 5.8a and 5.8b) which attempt to fill in the limited
space between the liner and the boundaries at the two most unfavourable positions (p;
and p;) are generated. Hence, the number of nodes and the number of the generated
tetrahedra increase as the position of the tunnel shifts from py to p,. This increases the

required time for the generation of the mesh as well.

In summary, from the first case, where ChL is the same throughout the domain, it is
evident that as the sizes of the elements increase, the quality of the mesh deteriorates,
especially when the tunnel is placed closer to the boundaries (positions p; and p;).
The analysis performed by Gmsh for the same ChL, is robust when the size of the
domain consists of very fine elements (compared with the size of the domain). This is
not the case for a coarser mesh though. For this latter case roughly 57 times less
nodes are produced and approximately 65 times less time is required to generate the

3-D mesh compared to the first case where ChL = D/5. The PC characteristics are

" presented in Table 5.1.
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P CPU RAM
PC characteristics rocessor
Intel (R) 2.66GHz 192MB
D (m) 4 No. of No. of 10- Time Time Gamma
X (m) 8D Position no d es noded for2D for 3D (7)
Tetrahedra (s) (s) (mean)
Y (m) 5D
Z (m) 5D Po 229,726 163,140 <1.0 66.3 0.769
ChL (m) | D/5 Pi 228,985 162,541 <1.0 64.3 0.768
z, (m) | Z/2 p2 230,185 163,471 <10  68.8 0.767
0

Table 5.1. Equal size of finite elements (ChL = D/5).

D (m) 4 No. of No.of10- Time Time Gamma
X (m) gp | Position ) noded for2D for 3D ()
nodes
Tetrahedra (s) (s) (mean)

Y (m) 5D

Z (m) 5D Po 3,123 1,546 0.04 0.65 0.670
ChL (m) D Pi 4,128 2,078 0.03 0.8 0.529

z, (m) 72 )2; 4,894 2,493 0.04 1.0 0.488

Table 5.2. Equal size of finite elements (CAL = D).

5.5.1.2 Different size of finite elements

In order to optimise mesh quality (and hence solution accuracy) at the same time as
reducing the computational time needed to perform a 3-D analysis a combination of
coarse and fine finite elements is required; the former at the mesh boundaries, the
latter around the tunnel. Another reason for choosing this strategy is to try and fit the
mesh to the chosen geometry. Hence, refinement around the tunnel layout takes place
in order to overcome the difficulties which arise in the coarse mesh described in
Section 5.5.1.1 (when ChL = D, see Figure 5.8). Thus two different ChL values are
now introduced (ChL1 for the boundaries of the domain, ChL2 for the tunnel liner
and the area above it. This is achieved by introduced some surface nodes which have
] tl}g same ChL2 value as the tunnel liner). All the other parameters vary in the same .
way as described in the first case. In the analyses performed in this section the

following two characteristic length values are used ChL1 = D and ChL2 = D/5. These
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analyses are carried out in order to assess how local mesh refinement influences the

overall quality of the mesh.

The beneficial impact of refinement is vividly revealed by comparing Figures 5.8 and
5.9. The three y curves have been improved significantly (particularly at the two less
favourable positions p; and p;) since the mean and modal values of these plots have
shifted further towards unity. Table 5.3 shows a decrease in the number of nodes (and
as a consequence the number of elements) produced and the time required for the
generation of the 3-D mesh as the tunnel axis moves from py to p,. This decrease is
attributed to the reduction of the refinement zone as the tunnel shifts from the centre
of the domain towards the boundaries. Thus less refined elements are produced
around the tunnel (since they are restricted by the boundaries) and less time is

required for the generation of the 3-D mesh. By moving the tunnel axis from py to p,

and p, only half and a third of the nodes of the p, case are generated respectively.
Consequently the required time for the generation of the 3-D mesh reduces by half
and a third respectively compared to the p, case as well. However, the mean y values

only slightly differ.

In total, it can be said that mesh refinement ameliorates significantly the quality of a
coarse generated mesh which then can produce finite elements of equivalent quality
to a really fine generated mesh (see Figures 5.7 and 5.9). Furthermore, bigger areas of
equilateral tetrahedra are formed in the domain. This is the case particularly when the
tunnel lies at its most favourable position within the domain (at py). However even
when it is placed closer to the boundaries (positions p; and p) the results are

comparable and acceptable. Once more the analysis performed with Gmsh proved to

be robust.
D (m) 4 _
No. of No. of 10- Time Time for Gamma
X (m) 8D | position : noded for 2-D )
nodes 3-D (s)
Y (m) 5D Tetrahedra (s) (mean)
Z (m) 5D
ChLi(m) | D | Po 0888 44153 026 1S5 0670
ChL2 (m) | D/5 Pi 36,304 24,159 0.23 8.4 0.664
z,(m) 7/2 p: 24,120 15,169 0.22 5.6 0.653

Table 5.3. Different size of finite elements (ChL1 = D and ChL2 = D/5).
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5.6 Evaluation of the meshes used for the 3-D analyses

5.6.1 Single tunnel geometry

In the current section an evaluation is made of the single tunnel geometry mesh used
to run the 3-D analyses in Chapter 7. The dimensions of the domain are shown in
Figure 5.10. These dimensions were chosen to fulfil the requirements presented in
Chapter 7 in order to produce acceptable solutions in terms of computational time,
space and convergence. These requirements deal with the twofold problem of locally
varying the mesh density (e.g. around the tunnel liner) while keeping the computer
resources, which are required to carry out 3-D FE analyses using commercial
packages, (e.g. Strand7) low. The Gmsh code written for this case is presented in the

Appendix B.

Three areas of different mesh density can be identified (Figures 5.10 and 5.11). At the
eight points lying on the corners of the domain a characteristic length value of ChL1
= 18D/4 is used. This figure creates relatively large elements at the boundaries. At the
points around the tunnel as well as those on the surface which are used to define the
loaded areas a smaller value is employed (ChL2 = 3D/4) to attain greater accuracy
around these areas. Finally a third region (ChL3 = 9D/4) is used to account for a
smoother transition between adjacent elements which have the two previously

mentioned extreme values (Figure 5.10).

Figure 5.11 shows the auto-generated meshes for the case of horizontal tunnel axis as
well as the quality measurements (using the y factor) of these finite elements. The
required time for the generation of the 3-D mesh is carried out in about 1 sec while
the mean y value is approximately 0.7 (Table 5.4). From the y plot it is evident that
the vast majority of the finite elements lie above the value of 0.5. This indicates that
the quality of the generated tetrahedra in total is above average. The curve is fairly

smooth with its mode value close to its mode.

5.6.2 Twin tunnel geometry

In this section twin tunnelling schemes (tunnels horizontally and vertically aligned)

will be presented. Thus it will become clear how the presence of a second tunnel may
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influence the quality of the mesh as this was presented in Section 5.6.1 for the single
tunnel case. The geometric characteristics of the domain are the same as for the single
tunnel case. The new Gmsh code written for the current geometry is presented in
Appendix C. Three new parameters are introduced which are used to position the
second tunnel within the domain (Figure 5.12). These are x2, z2 and k2. The first two
shift the tunnel axis horizontally and vertically respectively while the third indicates
the inclination of the tunnel along the z-axis. The finite elements adjacent to the
second tunnel can have the same or a different size compared to the first. In this case
though, it was decided that both tunnels consist of exactly the same density. Thus,
once more three different density areas (identical to those described in Section 5.6.1)

are identified in the domain.

Three different geometries of multiple tunnelling are examined in this section.

o The case of twin tunnelling when both are horizontally aligned (7H case, Figure
5.12a).

o The case of twin tunnelling where the tunnels are vertically aligned (ITV case,
Figure 5.12b).

e The case of multiple tunnels where the first tunnel is horizontally aligned while the

second is inclined (MHI case, the inclination angle is 4°, Figure 5.13).

Figure 5.12 shows the generated meshes and the corresponding evaluation of their
quality for the above mentioned TH and TV cases. For the TH case the pillar width is
P = 1D while for the TV case the pillar depth is Pp = 1D. The number of nodes (and
consequently the number of finite elements) produced are slightly higher in the TH
case. This can be attributed to the wider zone of generated tetrahedra having a fine
size (ChL2 = 3D/4). Consequently, it takes slightly longer to generate the mesh. In
both cases the mean y value is in excess of 0.7 while the vast majority of the finite
elements are projected above 0.5 (see Table 5.5). Once more this is an indication of
good quality of tetrahedral elements. In total it can be said that the position of a

second tunnel marginally affects the quality of the mesh.

_ In the MHI case where the -axis of the second tunnel is inclined approximately 20%
more finite elements are generated (creating a large dense area around the tunnels)

compared to the other two cases (TH and TV), for the same reason described above.

Thus more time is required for the meshing (roughly 30%). Given that more fine
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elements are generated for this particular geometry, the overall quality of the mesh
slightly ameliorates. Another result which supports the latter finding is the mean y

value which in this case increases to 0.72.

ChL1 ChL3 _ ChLI

we W4 W2
w5 |W3 |WI

% ChL2 *{ D’$
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>
- 17.5D. >
ChlL1

Figure 5.10. Dimensions of the domain.

By comparing both the mean and modal values as well as the shape of the y curves for
the single and twin tunnel cases, (see Figures 5.11 to 5.13 and Tables 5.4 and 5.5) the
beneficial impact of the second tunnel to the quality of the mesh is identified. The
explanation is that the existence of the second tunnel introduces another dense area
similar to the single tunnel case. This refinement thus, improves the overall condition

of the generated finite elements. However, more nodes (and hence, more tetrahedra)

are generated (almost 80%) which in turn increase the amount of time required-for the - -

generation of the 3-D mesh by almost 50% for the TH and TV cases and 100% for the
MHI case.
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ChLl ChlL2 ChL3 ChlL4

X(m) Y@m) Z@m) D(m) 2 (m) (m) (m) (m) (m)
17.5D 17.5D 12.5D 4 15 18D/4 3D/4 9D/4 3D/4
Time Time
No. of nodes No,i,gtfr;}?ég?:ed for 2D for 3D Gamma (y)
(s) (s) (mean)
4,574 2,929 <0.1 09 0.701

Table 5.4. Single horizontal tunnel case.

ChLl ChL2 ChL3 ChL4

X@m) Y(@m) Z@m) Dm) zm) (m) (m) (m)

17.5D 17.5D 12.5D 4 15 18D/4 3D/4 9D/4 3D/4
No. of nodes Noﬁl‘gfr;}?ég?:ed fZ;r;g fzrgle) G?KZ:;)(V)
(s) (s)
TH case 7,714 5,038 <0.1 1.484 0.707
TV case 7,502 4,878 <0.1 1.359 0.713
MHI case 9,277 6,207 <0.1 2.234 0.723

Table 5.5. Twin tunnel cases.

5.7 Dealing with input and output files

The Gmsh output file (*.msh) consists of the results from the generated mesh in a
specific format. In this file the following are presented: i) the unique identification
number of each node as well as their coordinates and ii) the unique identification
number of each finite element with the 2-D (six-noded triangles) and the 3-D (ten-

noded tetrahedral) element topologies.

The *.msh file is further processed in order to achieve compatibility for the Strand7
input file (*.txt) to run the analyses. The main application of the compatibility process
attempts to cope with node re-ordering of the ten-noded tetrahedral. Figure 5.14
shows the difference in node ordering of the latter type of 3-D finite elements

.. between Gmsh and Strand7. Node ordering for the 2-D finite elements-is the same -

regardless of their type (i.e. linear or quadratic variation of the displacement field of

triangular or quadrilateral elements).
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Some extra data have to be added in the Strand7 input file prior to the analysis stage
such as: external applied loads, boundary conditions, material properties and
sequence of construction or modelling. These data can either be written directly in the
ASCII input file (*.txt) or added through Strand7 GUI. Special care has to be taken
though to ensure that both coordinate systems are identical prior to the discretisation

of the domain.

a) Gmsh node numbering b) Strand7 node numbering

Figure 5.14. Different way in node numbering between a) Gmsh and b) Strand7.

5.8 Code to model excavation

The aim of this thesis is to provide useful tools to the FE users to enable them to
conduct fast, robust and efficiently 3-D FE analyses. One of the most important and
popular problems amongst geotechnical engineers is the simulation of tunnel
excavation and all possible variations of it. This may involve soil-tunnel interaction
(various tunnel geometries) or soil- tunnel-structure interaction (where the “‘structure®
can be a second tunnel, a building or a piled foundation). In this section therefore, a
code which was specifically written to address the problem of generating appropriate

meshes for single tunnel excavation and lining instalment in consecutive steps, is
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presented (Appendix D). The codes which were described in the previous sections of
the current chapter differ from the one presented here, since they generate meshes

with pre-installed tunnels (i.e. a void within the mesh).

Figure 5.15 shows the domain (which has the same dimensions as that described in
Figure 5.10) as well as the division of a single horizontal tunnel into smaller volumes
of the same size. In order to define this size a new variable Ur is introduced at the
beginning of the code. Ur represents the unsupported region which is created when
soil elements are removed from the face of the excavation while the lining is installed
at a specific distance behind the face. The importance of the length of this region was
first identified by Vermeer et al. (2002, see Chapter 2). Three different groups of
elements are used in this mesh: i) ten-noded tetrahedra representing the soil in the
domain outside the tunnel, ii) ten-noded tetrahedra representing the soil to be
excavated inside the tunnel and finally iii) six-noded triangles representing the tunnel

lining,

The main task for this code was to try and create a function (which is called
“CirclePlanes”, see Appendix D) which would generate the first of the consecutive
volumes of the single horizontal tunnel. The next step was to create a loop which
would iterate the previous process until the whole length of the tunnel was formed.
The number of iterations is calculated by dividing the total length of the mesh along
the y-axis over the unsupported region Ur. This process is created in a separate file
(loop. txt) from the main file (estg. txt see Appendix D) which contains the
commands to create the domain. Special care has to be taken to ensure that both of

these files are in the same working directory.

An important feature in this code is the consecutive numbering of the series of
volumes into which the tunnel is partitioned. Thus, the user is not supposed to know
the number of every element to be excavated in that particular volume, even though
Gmsh provides this kind of information. Instead, the knowledge of the identification
number of that volume is enough to remove all the elements which are contained in

that region..

A major drawback of this procedure is that it is not fully automated. This means that

the user has to fill in manually the unique identification number from each of the four
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surfaces that each consecutive volume consists of. Furthermore, mesh quality seems
to deteriorate compared to the cases described in Section 5.6.1 (see Figure 5.11). This
is attributed to the discontinuities which are formed between the consecutive smaller
volumes of the tunnel. Even though more finite elements (finite size) are generated
compared to the single tunnel case (described in Section 5.6.1) due to the
discontinuities described above the overall mesh quality deteriorates slightly.
However, once more the vast majority of the generated finite elements are projected
above average (y > 0.5) with a mean value of y = 0.687. Hence, the overall quality of
the mesh is characterised as “good”. The computational time needed to discretise the
whole domain is almost 50% higher than that shown in Figure 5.11 since twice the

number of finite elements are generated (see Table 5.6).

In order to emphasize the capabilities of Gmsh to generate even more complicated
tunnelling geometries, a couple of geometries based on case studies from the Channel
Tunnel Project were meshed. Figure 5.16 shows parallel, multiple tunnels which
intersect with others of smaller diameter. The latter are used as escape routes in
emergencies. Figure 5.17 shows some unrealistic tunnelling schemes which are
presented for illustrative purposes only to highlight the fact that Gmsh can also
produce tunnels having their axes not only translated (i.e. horizontal or inclined) but
also rotated. The code written for the complex geometries in Figure 5.17 are

presented in Appendix E.

Summary

Gmsh is a fully automated 3-D unstructured tetrahedral freeware mesh generator
which works either via a GUI or from an ASCII file containing commands. Two of its
main capabilities are: 7) the possibility of variable substitution in the input file and ii)
the specification of the “characteristic length” (ChL) which can be applied to selected
points in the model. In this way, the user can produce areas of different density within
the domain. Various tests were undertaken to examine the capabilities of Gmsh. From
~ these it was found that this software can produce rapidly and easily 3-D meshes of
good quality even for the most unfavourable positions of a tunnel in the domain and

for the most complicated tunnelling schemes. Particularly when undertaking a

parametric study, plenty of time can be saved during the pre-processing stage.
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ChLl ChL2 ChL3 Chl4
X (m Y (m Z(m) D(@m) z,(m)
(m) Ym Zm) Dm) 2 (m) m @ )
17.5D 17.5D 12.5D 4 15 18D/4 3D/4 9D/4 3D/4
No. of 10-noded Time for ~ Time for Gamma (7)
No. of nodes Tetrahedra 2-D (s) 3-D(s) (mean)
8,793 5,824 0.25 1.64 0.687

Table 5.6. Single horizontal tunnel excavation case.
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Chapter 6

2-D FE analysis of tunnelling using Strand7 and

Plaxis

6.1 Introduction

This chapter investigates the effect of surface loading on pre-existing underground
structures (e.g. tunnels) in soft ground assuming plane strain conditions (2-D FE
analysis). In the first part (Section 6.2) the commercial FE package Strand7 is used
for this purpose. In the second part (Section 6.3) a different commercial FE software
Plaxis v.8, is used to run the same analyses. The purpose of this comparison is to try
and identify the differences in the FE predictions by using various codes, which
might be significant to industrial users of these programs. The reasons for not using
any analytical method (e.g. Boussinesq method) to estimate the tunnel deformations
due to surface loading in both Chapters 6 and 7 were that these methods are only
applicable to an elastic medium. They do not take into account the plastic properties
of the medium or the interaction between the medium and any pre-existing structure
in it. According to Moore (1987b) Boussinesq method fails to take into account the

effect of shear stresses and strains developing in the overlying strata.

In the current plane strain analyses three different tunnel geometric configurations are
~considered. In the first case a single tunnel analysis is. carried.out (ST case)..In. the
second a twin tunnel analysis is carried out, where both tunnels are horizontally
aligned (TH case). Finally in the third case twin tunnels are vertically and diagonally
aligned (7VD case). A parametric study was performed for the above three cases
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varying the position of the tunnel axis ( z,), pillar width (P), pillar depth (Pp) as well

as the position of the surface loaded area (W). Figure 6.1 shows the parameters varied

in this study. For the single tunnel case (shown as a solid circle) z, varies. For the

twin tunnel configuration (where the second tunnel is presented as a dotted circle) P
and Pp vary. In all cases the loaded area shifts from W1 to W6. Throughout this
parametric study the dimensions of the domain (x, y), tunnel diameter (D), magnitude
(400kN/m) and area (W) of the applied load were constant. Surface load was applied
directly to the surface of the finite elements hence modelling a flexible footing. No
interface elements were used to model the existence of any type of foundations or

treatment of the ground prior to its loading.

6.2 Details of analysis using Strand?7
6.2.1 Single tunnel case (S7)

6.2.1.1 Introduction

Figure 6.2 shows one of the meshes used for the single tunnel parametric case where

z, = 20m. Coarser elements appear close to the vertical and bottom boundaries. Finer

elements exist around the tunnel liner and the surface (top boundary) since these are
the two areas of interest. The latter areas could have been further refined. The reason
this is not done is that these 2-D FE domains produced by Strand7 are cross sections
from a 3-D mesh (analyses with which are the subject of Chapter 7). Strand7 imposes
some restrictions when performing 3-D non-linear static analyses, which are
discussed later (Chapter 7), for instance, the finer the mesh the longer an analysis
takes to complete. Thus a compromise has to be made between the coarseness of the
domain and the time to execute the 3-D FE analyses. This compromise being
constrained by the requirement that the mesh must be able to capture the solution
appropriately. Therefore these cross-sections presented here are composed of medium

to large elements (This is further discussed in Chapter 7). The mesh in Strand7 is

- .created and imported from Gmsh-(the freeware FE mesh generator described in~

Chapter 5) since Strand7 can neither produce an unstructured mesh nor can it be as
flexible as Gmsh in the pre-processing stage of the analyses. The mesh consists of

241 nodes (482 d.o.f) and 107 six-noded triangular elements which are used to model
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the soil, and 16 two-noded beam elements used to model the tunnel lining. Even
though there is a plane of symmetry (Fig. 6.2 along the vertical tunnel axis) and thus
half of the domain could be modelled providing the loading was also symmetric, it

was decided that the whole domain would be modelled in all analyses.
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Figure 6.1. Geometric parameters of the soil, the tunnels and the loaded area.

Tunnel diameter (D) was chosen to be 4m which is comparable to the diameter of
running tunnels for the Underground in London (Attewell, 1978). The dimensions of
the modelled domain were chosen to be 70m long (or 17.5D) in the x direction and

50m deep (12.5D) in the y direction. For z, = 15m, 20m and 25m the chosen values

lie within limits proposed by Potts et al. (2002). They suggested that for tunnels in
clay the depth of the mesh should be approximately 2D to 3D below tunnel invert. As
fbr the optimzil widfh of tﬁé dor;lain ;wo :factors- hévé fo be considered. The mesh has
to be sufficiently wide to ensure minimal displacements along the vertical boundaries.

However, the larger the domain the larger the number of the degrees of freedom
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(d.o.f). This immediately affects the solution in terms of computational time. Hence a
compromise has to be made between these two crucial factors. It was decided that the

above dimensions were appropriate for this study.

The surface load is constant at 400kN/m. This magnitude was chosen to resemble the
uniform stress of a 10-storey building, assuming a stress of 10kN/m? per storey for a
4m wide loaded area. The latter value over a full building width is probably
unrealistic. However, it was chosen as a worst case value (perhaps including the
effect of an accidental concentrated load) to accentuate the differences in the
parametric study. The value of 10kN/m? per storey was chosen after BS 8002 (British

Standards Institution, 1994) recommendations.

Figure 6.2. Generated mesh for the single tunnel analysis when z, = 20m.

Since there is a plane of symmetry (Fig 6.2 along the vertical tunnel axis) the areas
W1 and W3 produce the same effect for the single tunnel scenario. For this reason
only W3 of the two is analysed, together with loads at W2 and W4. Areas W5 and W6
are further away from the tunnel and hence thought only of marginal significance. In
total 9 analyses were carried out in the current parametric study. These can be

classified as follows: three different tunnel depths (z, = 15m, 20m and 25m) and
three different surface loaded areas (W2, W3 and W4).
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6.2.1.2 Initial conditions

The realistic determination of the initial stress conditions is of great importance in FE
modelling in geotechnics. This is one of the most significant differences between FE
analyses in mechanical engineering and those in geotechnics. Several approaches

exist for this purpose. The most common of which is the K, procedure where

stresses prior to any construction are initialised. This method is only applicable for
horizontal ground surfaces and greenfield sites. This is not the case in this study.

Consequently a different approach is adopted to simulate initial ground conditions.

Herein tunnel excavation is not modelled. Instead tunnels with their permanent lining
appear in the mesh as if wished in place. Stresses prior to this stage are not generated.
Gravity loading is uniformly applied to the whole domain [gravity loading method. In
this method the gravitational acceleration (g = 9.81 kN/m") along with the soil’s unit
weight (y = 20 kN/m®) are initialised so that the self weight is generated]. The
resulting displacements are then set as the zero datum for the subsequently steps of

the analysis.

The stratigraphy is the same throughout the analyses presented in Chapters 6 and 7.
This consists of one clay layer, the characteristics of which are presented in Table 6.2.
Drained analyses are performed throughout this chapter using effective strength

parameters.

As for the boundary conditions, in plane strain analysis no horizontal or vertical
movements are permitted along the horizontal boundary at the base of the mesh. On
the two vertical mesh boundaries, only vertical movements are allowed. Finally the

top mesh boundary is free to move.
6.2.1.3 Constitutive models

The two-noded beam elements used to model the lining are assumed to behave in a
simple linear elastic way. Thus two parameters (Young’s modulus £ and Poisson’s

ratio v) are required for this model. Table 6.1 shows-the full characteristics of the

lining, including the geometrical properties.
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Soil does not behave in a linear nor an elastic way. Thus a more realistic and
advanced constitutive model should be adopted. A simple elasto-plastic constitutive
model is therefore used. For the plastic region a Mohr-Coulomb yield criterion with
associated flow (described in Chapter 3) is used amongst others available. For the
latter model four parameters need to be specified. Those are cohesion (c¢'), angle of

friction (¢') and the two previously mentioned parameters (E” and v’). Table 6.2

summarises these characteristics.

Parameter Name Value Units
Type of Behaviour Material Type Elastic -
Young’s Modulus E 108 kPa
Cross Sectional Area A 0.168 m’
Second Moment of Area 1 3.95136x10* m*
Poisson’s Ratio v 0.3 -
density Y. 24 kN/m’

Table 6.1. Material properties of the tunnel lining.

Parameter Name Value Units

Type of Behaviour Elastic region Linear Elastic -
Type of Behaviour Yield Surface Mohr Coulomb -

Young’s Modulus E' 6.207x10° kPa
Poisson’s Ratio v’ 0.33 -
Unit Weight y 20 kN/m’
Cohesion c' 5 kPa
Angle of Friction @' 25° -

Table 6.2. Material properties of the soil.

6.2.1.4 Modelling sequence

" In all calculations carried out in Cha'pt.'ef-s76- and 7 the analysxs pfz)cédafe begari with
the tunnels driven and the permanent lining installed. Displacements from this stage

are not measured. Two load stages are then defined. During the first drained analysis
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is performed and gravity load is applied to the mesh in five consecutive increments.
In the following stage drained loading is applied (i.e. no pore water pressure changes)
and the surface load (400kN/m) is vertically applied to the pre-defined surface areas
(W1 to W6) in twelve successive increments (see Table 6.3). The displacements due
to the first load stage are considered as the zero datum. Thus only those predicted by

the FE analysis due to the second stage (surface loading) are examined.

Stage No. Incr. % Total Gravity % Total load

1 20 -
o 2 40 -
%0 3 60 -
%) 4 80 -
5 100 -
6 100 20
7 100 40
8 100 50
9 100 60
« 10 100 65
o 11 100 70
% 12 100 75
13 100 80
14 100 85
15 100 90
16 100 95
17 100 100

Table 6.3. Number of increments per stage of analysis.

6.2.1.5 Analysis results

In this section results are presented for the case of surface loading above an existing
single tunnel driven in soft ground. Predictions of surface settlements, tunnel lining
deformations as well as the distribution of bending moments around the liner, are

presented to study the effects of various parameters with this configuration.

Figure 6.3 shows plots of the ratio of the surface settlements due to the surface
loading over the tunnel diameter (S'/D, vertical axis) against the transverse distance
x (hdfizoﬁtal axis) for three different surface loaded areas (W). The depth of the

tunnel axis is at z, = 15m. It can be seen that the value of the maximum settlement of
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’
max

the trough due to loading (S’ ) slightly reduces as the load changes its position from

W2 to W4. The maximum value occurs when the load is applied above W2.

Figure 6.4 shows plots of the ratio of the maximum surface settlements due to load

over the tunnel diameter (S, /D) for three different tunnel depths (z, = 15m, 20m

and 25m. For the remaining of this chapter these depths will be referred as: the three

different tunnel depths) against the relative position of the surface loaded area (W).

’
max ?

An interesting point from Figure 6.4 is that S| _, is marginally affected by the tunnel

axis position for shallow tunnelling, since the curves are parallel. However, at z, =

25m and load at W3 an increase of S’ can be observed between W2 and W3. This is

max

followed by a rapid decrease from W3 to W4. The difference between the two curves

(z, = 20m and 25m) at W3 (where the peak point occurs) is minor.

Transverse distance x (m)
0 10 20 30 40 50 60 70
0 - : : —

S'/D

I -
-0.18 J @&——— Tunnel CL
[

Figure 6.3. Surface settlements above an existing single tunnel (CL at 35m) due to
surface loading (in dimensionless form). The position of the load varies from W2 to
wa.
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Position of the surface load (W)
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Figure 6.4. Plots of the maximum surface settlements due to surface loading (in
dimensionless form) against the position of the load for various excavation depths.

In Figure 6.5 the deformed shape of the tunnel (scaled up, shown as coloured lines)
for three different tunnel depths due to the effect of the surface loading only (no
gravity is considered) is presented. This is then compared to the original shape (black
solid line) prior to both gravity and surface loading respectively. The first obvious
outcome is that the whole tunnel seems to squat. In other words there is an elongation
of the horizontal diameter with a simultaneous decrease of the vertical. Further to this
obvious vertical translation a secondary type of movement seems to occur
coincidentally. The deformed lining seems to slightly rotate anti-clockwise opposing
the position of the applied surface load as this shifts towards W4. The shallower the

tunnel the bigger the lining deformations.

Figure 6.6 shows the magnitudes of the previously mentioned movements (squatting
and anti-clockwise rotation). The changes of both horizontal (along springlines) and
vertical (crown to invert) tunnel diameters are plotted on the vertical axis as a
percentage of the .initial tunnel diameter against the-position of the applied load
(horizontal axis) for three different tunnel depths. The following sign convention is
adopted throughout this chapter: a positive change indicates an increase of the tunnel

diameter while negative specifies a decrease. The results show that the shape of the
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tunnel alters due to the surface loading. An increase in the horizontal diameter (thin
lines) and a decrease in the vertical (dotted lines) is observed in all cases. The
maximum increase of the horizontal diameter is approximately 1% of the tunnel
diameter, when the load is applied directly above the tunnel (#2) while the tunnel

axis is at z; = 15m. The maximum decrease of the vertical diameter on the other

hand is roughly 1% of the tunnel diameter at the same loaded area W2 and the same
tunnel depth. The magnitudes of these changes are seen to decrease as the loaded area

moves towards W4. Deeper tunnels (z, = 20m and 25m) seem to be less affected by

surface loading and therefore the corresponding changes of the tunnel diameter are
significantly smaller (approximately 0.5% of the tunnel diameter), yet follow the

same trend as for the shallow case.

Another crucial measurement of the tunnel lining response to the surface loading is
the crown settlement. Figure 6.7 shows crown settlement predictions plotted on the
vertical axis as a percentage of the initial tunnel diameter against surface loading area
for three different tunnel depths. The maximum crown settlement value is 3.6% of the

tunnel diameter at z, = 15m when the load is directly applied above the tunnel C.L.

(at W2). A decrease of the crown settlement is observed in the following two cases: i)
the loaded area moves from W2 to W4 and ii) for deeper excavations (approximately

2.5% of the tunnel diameter).

In the following bending moment distributions around the tunnel lining are presented.
The following sign convention for bending moments will be used throughout this
chapter. Negative bending moments correspond to straightening of the lining (tension
at intrados) while positive moments indicate increase of the lining curvature
(compression of intrados). Figure 6.8 shows the distribution of bending moments
around the lining (in kNm/m) for different stages of the FE modelling, against the
angle around the tunnel. This angle starts from the crown (0°) moving in a clockwise
direction towards the invert (180°). This convention is used throughout this chapter.
Positive bending moments appear around the springline (45° to 105°) while negative
_.around both crown and invert.. This is in agreement with the tunnel squatting shape
which was presented in Figure 6.5. In Figure 6.8 three different curves are drawn. The
first corresponds to the distribution of bending moments during the first stage of

analysis (i.e. gravity loading) while the second curve during the second stage (i.e.

168






Chapter 6. 2-D FE analysis using Strand7 and Plaxis

+ve Increase of
1.50%- hotizontal tunnel D

-ve Dencrease of
vertical tunnel D

1.00%-
| A —a— 20~ I5m
0.50%1 » " < - zp=20m

! —x— 2p=25m
0.00%-

Change of the tunnel diameter (%)

A - zo—]5m
i Koo oo eaeme s X .m.. Zp=20m
'0'50%1 L R .: coxe-- Zp=25m
L. A -
-1.00%- A
|
-1.50% S ‘ e
1 2 3 4 5 6

Position of the surface load (W)

Figure 6.6. Changes of horizontal and vertical tunnel diameters as a percentage of the
initial tunnel diameter due to the surface loading against the position of the applied
load for various excavation depths.
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~ Figure 6.7. Crown settlements expressed as a percentage of the initial tunnel diameter =
- against the position of the surface loaded area for different excavation depths.
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The change of bending moments appears to increase from W2 to W3 and then rapidly
decrease until W4. The first outcome from this observation is that shallow tunnels are

mostly affected when the surface loaded area is located roughly in the region of one

diameter each side from the centre line.

~13
e
JT— L 7 ./ e
2005575 w2 2025~ 1515
180 —=— W3 180
—x— W4
a) z, = 15m b) z,=20m

C) z, =25m

Figure 6.9. Change of bending moments.due.to the effect of surface loading for
different surface loaded areas when z, = 15m, 20m and 25m. The axial axis refers to

the distribution of bending moments (kNm/m) around the tunnel, while the
circumferential axis refers to the angle around the tunnel.
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Figure 6.10. Change of bending moments due to the effect of surface loading for
different surface loaded areas and different excavation depths.

6.2.2 Twin tunnels horizontally aligned (case TH)

6.2.2.1 Introduction

In this section results are presented for the case of twin parallel tunnels with their
axes horizontally aligned. Figure 6.11 shows one of the meshes used for the current

parametric study where z,, =z,, = 20m (where z,, refers to the excavation depth
of the first tunnel and z,, refers to the excavation depth of the second tunnel (Fig.

6.1) while the pillar width is P = 1D. The 2-D plane strain mesh consists of 371 nodes
(742 d.o.f.). This is then split into 166 six-noded triangular elements to model the soil

and 32 two-noded beam elements for the linings.
6.2.2.2 Details of the analysis

The details of the analysis are identical to those described in the single tunnel case

(Section 6.2.1) except for the following two features:
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e a second tunnel is present prior to any loading stage. This does not affect the
number of increments or loading stages which are used (Table 6.3) and
¢ no plane symmetry exists. Hence, all six of the surface loaded areas (W1 toW6)

are analysed. Additionally two different tunnel depths (z,, =z,, = 15m and

20m) and three different pillar widths (P = 1D, 2D and 3D) are modelled. This
gives a total of 36 analyses in this parametric study. The horizontal position of the
left tunnel (for the remaining of this chapter it will be referred as second tunnel)

varies while that of the right (it will be referred as first tunnel) is fixed.

Figure 6.11. Generated mesh for the twin tunnel analysis when z,, = z,, = 20m and
P=1D.

6.2.2.3  Analysis resuits

In this section findings are introduced for the case of surface loading above pre-
existing twin tunnels which are horizontally aligned. Figure 6.12 shows predictions of
the ratio of the maximum surface settlement due to the surface loading effect over the

tunnel diameter (S, /D) against the relative position of the surface loaded area (W)

for two different excavation depths (z,, = z,, = 15m and 20m). Thin lines refer to
the shallow case (z,, =z,, = 15m) while the dotted lmes refer to the Zoy = Z02 =

' 20m case. It is mterestmg to observe that for deeper drlven tunnels larger surface

deformations occur. This can be attributed to the fact that soil is not restricted by the

position of the two tunnels and consequently has more space to deform.
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For the shallow case (z,, =z,, = 15m) when P = 1D (i.e. second tunnel below the

W4 area. See Figure 6.1), S| occurs above the first tunnel when W2 area is loaded

as mentioned above. As the pillar width increases from P = 2D (second tunnel below

WS) to P = 3D (second tunnel below W6) S’

max

occurs at W3 and W4 respectively

(Figure 6.12). This indicates that S| takes place either above the first tunnel or

X

between the two tunnels but always at a pillar width distance of P = 2D from the axis

of the second. The maximum value of S’ _ occurs in the case where P = 3D and the

load is applied at W4. The deformation trend described in this paragraph is not so

clear for the deeper case.
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Figure 6.12. Plots of the maximum surface settlements due to surface loading (in
dimensionless form) against the position of the load for various excavation depths.

Figure 6.13 presents the lining deformations (scaled up) of both tunnels when P = 1D

and for two different depths (z,;, = z,, = 15m and 20m) due to the effect of surface

loading (coloured circles). These are then compared to the original tunnel shapes
prior to any loading stage (black thick circles). Similar patterns of deformation-to-the -
single tunnel case are observed for both tunnels (squatting and anti-clockwise

rotating). Deeper tunnels seem to be less affected (smaller lining deformations) from

surface loading.
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vertical and decrease of the horizontal diameter). As the loaded area shifts towards

W6 though the pattern of lining deformation alters to a squat shape again.

The maximum increase of the horizontal diameter as well as the maximum decrease
of the vertical of each tunnel (0.8% of the tunnel diameter) always occurs when the

surface load is directly applied above for z,, =z, = 15m. Thus, a clear trend for the

magnitudes of these changes can be identified. These changes appear to fade as the

load is applied further away from each tunnel’s centre line.

For deeper excavations the above mentioned tendency for the lining deformation
slightly alters. The maximum changes this time seem to occur when the load is
shifted 1D from each tunnel’s centre line towards the other tunnel (rather than

directly above).

Figure 6.16 show plots of the crown settlement predictions expressed as a percentage
of the initial tunnel diameter for both first (thin line) and second (dotted line) tunnels
against the relative position of the surface loaded area (W). These plots refer to three
different pillar widths (P = 1D, 2D and 3D) and two different excavation depths

(zg, =2y, = 15m and 20m). Similar behaviour is observed for both tunnels

regardless of both P and z,. The magnitudes though are bigger for the shallow case.

Compared with the single tunnel case the maximum crown settlements (3.3% of the
tunnel diameter) do not occur when the surface load is applied directly above each

tunnel. Instead this happens when the load is shifted 1D from each tunnel’s axis.

Figure 6.17 shows the interaction between the two parallel tunnels and the surface
load compared to the single tunnel case (S7) in terms of crown settlements. For the
twin tunnel case crown settlement predictions from the first tunnel are plotted as a
percentage of the single tunnel case against the position of the surface loaded area

(W) for two different depths (z,, = 15m and 20m) and for three different pillar

widths (P = 1D, 2D and 3D). Thin lines refer to the shallow case while dotted to the
deeper. It can be seen that greater interaction occurs for the shallow tunnel case since
there is a difference of 5% to 15% compaféd to the single case. For the deeper case

results are almost identical to the single. This implies less or even no interaction

between the two parallel driven tunnels.
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Figure 6.14. Changes of horizontal and vertical tunnel diameters expressed as a
percentage of the initial tunnel diameter due to the surface loading against the

position of the applied load for z,, = z,, = 15m.
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Figure 6.15. Changes of horizontal and vertical tunnel diameters expressed as a
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position of the applied load for z,, = z,, = 20m.
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Figure 6.16. Crown settlements due to loading expressed as a percentage of the initial
tunnel diameter against the position of the surface loaded area for different
excavation depths.
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Figure 6.17. Plots of the crown settlements due to loading of the first tunnel in the
twin tunnel case as a percentage of the single tunnel results for various surface
loading areas and two different tunnel depths.

Figure 6.18 shows the change of bending moments due to the effect of the surface

load for both tunnels and for different excavation depths (z,, = z,, = 15m and 20m)

when P = 1D. The same sign convention for the bending moment distributions is used
as for the single tunnel case. Positive maximum changes of bending moments appear
around the springlines (68° to 90° and 248° to 293°) for both tunnels. Negative
maximum changes of bending moments on the contrary appear most commonly
around the crown (338° to 0) and invert (158° to 180°). This is the case regardless of

the excavation depth.

Figures 6.19 and 6.20 depict plots of the change of bending moments from maximum
positive (dotted line) to maximum negative (thin line) around the liner just due to the
effect of surface loading against six different loading positions (W1 to W6). The

excavation depth varies from z,, =z,, = 15m to 20m. The magnitudes of these

changes seem to be greater for shallow excavation. The first tunnel appears-to-behave-
in the same way as for the single tunnel case. The peak of these changes of bending
moments for the latter tunnel appears when the load is directly applied above at W2

and then gradually decreases until W6, when z,, =z,, = 15m. For the deeper case
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Figure 6.19. Maximum and minimum change of bending moments due to the effect of
surface loading for different surface loaded areas when z,, = z,, = 15m.
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Figure 6.20. Maximum and minimum change of bending moments due to the effect of
surface loading for different surface loaded areas when z,, = z,, = 20m.
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6.2.3 Twin tunnels vertically aligned (case TVD)

6.2.3.1 Introduction

In this section results are presented for the twin tunnel case where the axes are
vertically and diagonally aligned (case 7VD). Figure 6.21 shows one of the meshes
used in this study where z,, = 15m and z,, = 20m for the upper and lower tunnels
respectively. The pillar width distance in this case is P = 1D. The mesh consists of

331 nodes (662 d.o.f.). Soil is modelled with 146 six-noded triangular elements while

tunnel liner with 32 two-noded beam elements.

L.

Figure 6.21. Generated mesh for the T7VD case when z,, =15m for the upper tunnel,

Zy, = 20m for the lower tunnel and P = 1D.

6.2.3.2 Details of the analysis

The analysis details are identical to those described in Sections 6.2.1 and 6.2.2. The

upper tunnel’s axis is always fixed at z,, = 15m. The position of the lower tunnel

varies though (z,, = 20m and 23m). Three different pillar widths are modelled (P =

piggy-back, where the lower lies exactly beneath the upper tunnel, P =0 and P = 1D)
with_six different surface loading areas (W1 to W6). Consequently, a total of 36

analyses were performed in the current parametric study.
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6.2.3.3  Analysis results

Figure 6.22 shows the ratio of the maximum surface settlement distribution due to the

surface load only over the tunnel diameter (S, /D) against the position of the

loaded area (W) for the above mentioned two different excavation depths of the lower
tunnel. Both shape and magnitudes of these plots are similar regardless of the second
tunnel’s depth. Consequently soil deformations due to loading seem to be restricted
and formed by the position of the upper tunnel. The trend in both cases (Figure 6.22a
and 6.22b) indicates that when P = piggy-back and P = 0 the maximum surface

settlement ( S/ ) occurs above the upper tunnel when W2 area is loaded. However

when the lower tunnel is driven further away (P = 1D) the maximum surface

settlement occurs above the lower tunnel when W4 area is loaded.

In Figure 6.23 both tunnels’ deformed shape (coloured circles) due to the effect of the

surface loading is presented (scaled up) for the case where the lower tunnel lies at two

different depths (z,, = 20m and 23m) and P = piggy-back. Black thick circles

indicate the initial shape of the liner prior to any loading stage. Similar lining
behaviour is observed as that described in Sections 6.2.1 and 6.2.2 (i.e. squatting and
rotating anti-clockwise as the load shifts from W1 to W6). The deformations of the

lower tunnel though seem to be smaller compared to the upper.

Figures 6.24 and 6.25 show plots of the change of both horizontal (along the
springlines) and vertical (crown to invert) tunnel diameters expressed as a percentage
of the initial tunnel diameter against the relative position of the surface loaded area
(W). Thin lines refer to the horizontal changes of the tunnel diameter. Dotted lines on
the other hand correspond to the vertical changes. The upper tunnel behaves in the
same way as the right tunnel does in the twin tunnel case described in Section 6.2.2.
The maximum increase and decrease of the upper tunnel’s diameter always occurs
when the surface load is directly applied above at W2 (approximately 1% of the
tunnel diameter). The shape of these changes for the lower tunnel does not alter
significantly regardless of the depth or thewsurfacre loaded area. However as the load
* shifts iﬁirther awéy (tb;zvards W6) tile chan'g-es’ for tlrler lower tunnel smoothly reduce

towards zero (i.e. no change of D compared to initial shape). For the upper tunnel

though the changes rapidly decrease until finally they reach zero.
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“Figure 6.22. Plots of the maximum surface settlements due to surface loading againsf
the position of the loaded area for two different excavation depths and three different
pillar widths.
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Figure 6.25. Changes of horizontal and vertical tunnel diameters due to the surface
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In Figure 6.26 both tunnels’ crown deformations expressed as a percentage of the
initial tunnel diameters are plotted against the relative position of the surface loaded
area (W). Thin lines refer to the upper tunnel while dotted lines to the lower. The
crown deformation predictions for each tunnel seem to be unaffected from both pillar

width (P) and tunnel depth (z,). The maximum crown deformation for the upper

tunnel (approximately 3.5%) takes place when the load is applied directly above it
similar to the single tunnel case. As for the lower tunnel slightly bigger values

correspond to shallower excavation. The trend though remains the same.

Figure 6.27 shows the interaction between the two tunnels in the TVD case and the
surface load compared to the single tunnel case (ST) in terms of crown settlements.
For the TVD case crown settlement predictions from the upper tunnel are plotted as
percentage of the single tunnel case against the position of the surface loaded area

(W) for different pillar widths (P = piggy-back, 0 and 1D) when z,, = 15m. It can be

observed that a small amount (less than the twin tunnel shallow case) of interaction
exists (none to 6%) compared to the single case results. Greater interaction appears
between the tunnels when they are closely spaced (P = piggy-back and 0) of
approximately 5%. When the lower tunnel is driven further away (P = 1D) less
interaction between the two vertically aligned tunnels occurs (none to 3%). In every

case Strand7 predicts bigger interaction for closely spaced shallow parallel tunnels.

Figure 6.28 depicts the distribution of the bending moments (kNm/m) around the
liners due to the effect of the surface loading for different depths of the lower tunnel

(z,, =20m and z,, = 23m). This figure refers to the case where P = piggy-back. The

sign convention for bending is the same as the one described for the single tunnel
case (Section 6.2.2). The magnitudes always appear to be greater for the upper tunnel.
Positive maximum changes of bending moments approximately develop around the
springlines from 45° to 90° and from 225° to 270°. Negative maximum changes of
bending moments occur around the crown from 293° to 23° and around the invert
from 113° to 203°. These values are constant regardless of the position of the lower
--tunnel. Positive maximum changes of bending moments for ‘the lower tunnel
approximately develop around the springlines from 45° to 90° and from 248° to 270°.
Negative maximum changes of bending moments approximately develop around the

crown at 315° to 23° and around the invert at 135° to 203°. The range is the same
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regardless of the depth. However the absolute values of bending moments (for the
lower tunnel) slightly reduce for deeper excavations. The rotation of both liners due

to the surface loading which was identified in Figure 6.23 is evident.
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Figure 6.26. Crown settlements expressed as a percentage of the initial tunnel
diameter against the position of the surface loaded area for different excavation
depths.
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Figure 6.27. Plots of the crown settlements due to loading of the upper tunnel case as
a percentage of the single tunnel predictions for various surface loading areas when

Zy, = 20m.

Figures 6.29 and 6.30 show plots of the change of bending moment distribution
around the liners from maximum positive (thin lines) to maximum negative (dotted
lines) solely due to the effect of surface loading against the position of the surface
loading area (W). These maxima do not have their peak directly above the upper
tunnel (at #2) as in the twin tunnel case in Section 6.2.2. Instead these are shifted
towards W3. As the load moves further away (towards W6) these values rapidly
decrease towards zero (i.e. no deformation). The magnitudes of these changes for the

lower tunnel seem to be smaller compared to the upper. Additionally the trend of

these curves is similar regardless of the depth.
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Figure 6.30. Maximum and minimum change of bending moments due to the effect of
surface loading for different surface loaded areas when the lower tunnel is at z, =

23m.
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6.2.4 Comparison of the ST case with the TH and TVD cases

In this section the FE predictions regarding the first tunnel (in the TH case) and the
upper tunnel (in the 7VD case) are compared with the predictions regarding the single
tunnel (S7 case) in order to investigate the interaction mechanism of soil-tunnel-
structure in 2-D. The above mentioned comparison is made in terms of maximum
surface settlements due to loading, lining deformations and bending moment

distribution.

The FE predictions presented in Sections 6.2.2.3 regarding the first tunnel (7H case)
and in Section 6.2.3.3 regarding the upper tunnel (7VD case) are smaller than those
regarding the ST case. This is a first indication of the existence of interaction. In both
of the compared cases the shape of the tunnels seems to squat while the reduction of
the vertical tunnel diameter coincides with the increase of the horizontal. The
maximum lining deformation occurs when the surface load is applied at W2. No
lining deformation is predicted when the load is applied at W6 which indicates that at
that distance the interaction ceases. Crown settlements are roughly constant when the
load is applied between W1 and W4 [within the region of 2D from the first tunnel (TH
case) and the upper tunnel (77D case)]. Further from that region the crown
settlements seem to reduce. Similar behaviour is observed with the distribution of the

bending moments around the liners.

In total it seems that interaction occurs within the region of W1 to W4 (P < 2D) and
then (P > 3D) it starts to reduce. The contributory factors to this complex mechanism
are the surface load and the excavation depth rather than pillar width since when the
pillar width varied the FE predictions were constant. Greater interaction is predicted
in the TH case compared to the 7VD case. This implies that the existence of the lower

tunnel (77D case) does not contribute to the complex interaction mechanism in the

same way as it does the second tunnel in the TH case.

197




Chapter 6. 2-D FE analysis using Strand7 and Plaxis

6.3 Details of analysis using Plaxis
6.3.1 Single tunnel case (S7)

6.3.1.1 Introduction

In this section the results of an identical program of analyses to the previous section
are described using Plaxis v.8. The latter is a commercial 2-D FE software. In Figure
6.31 one of the generated meshes for the single tunnel parametric analysis is

presented for z, = 20m. The dimensions of the domain as well as the tunnel diameter

and the magnitude of the surface load are the same as those described in Section
6.2.1. The auto-generated mesh consists of 2,817 nodes and is divided into 330
fifteen-noded triangular elements. The reason for using different type of elements
(fifteen-noded triangles rather than six-noded triangles) compared to Strand7 is for
achieving greater accuracy. Curved beam elements are used to model the tunnel
lining. The number of nodes is considerably higher than that used in Strand7 even
though the number of the elements is similar. In Plaxis v.8 the user cannot import a
mesh from another software. Thus it was entirely created in Plaxis v.8 pre-processing

stage. Differences in the refinement as a result are evident.

Three different tunnel depths (z, = 15m, 20m an 25m) are modelled as well as three

different surface loaded areas (W2, W3 and W4). This gives a total of 9 analyses for
this study.

6.3.1.2 Initial conditions

The gravity loading method which is described in Section 6.2.1 is used to determine
the stress conditions prior to surface loading. The tunnel with its permanent lining
appears in the mesh as if wished in place. Thus excavation is not modelled.
Stratigraphy and boundary conditions are identical to those presented in Section

6.2.1.
~-6.3.1.3 Constitutive models

Beam elements which are used to model the liner are assumed to behave in a linear

elastic way similar to Strand7. Their properties are presented in Table 6.1. A simple
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maximum surface settlements due to the surface loading (S, /D) over the tunnel

max

diameter against the position of the loaded area on the surface (W). Each of these

three curves refer to a different tunnel depth (z, = 15m, 20m an 25m. These will be

referred as the three different tunnel depths for the remaining of this chapter). The
maxima of these curves every time appear above the tunnel axis (i.e. when W2 area is
loaded). As the load shifts towards W4 they gradually decrease. The latter trend is the

same regardless of excavation depth z,. These values seem to be relatively higher

(approx. 8%) than those predicted by Strand7 when undertaking an equivalent 2-D FE

analysis.

Figure 6.33 depicts the lining deformations (scaled up) due to the surface load for
three different tunnel depths. The shapes of the deformed liners are then compared to
the original (thick circles) prior to any loading stage. This figure verifies previous
predictions made from Strand7. These are: anti-clockwise rotating and squatting
(increase of the horizontal diameter and decrease of the vertical) of the liners as the
load transfers from W2 to W4. These variations for different values of D are presented
in Figure 6.34. In this, changes of the horizontal (thin lines) and vertical (dotted lines)
tunnel diameter expressed as a percentage of the initial tunnel diameter are plotted
against the relative position of the surface loaded area (W) for three different tunnel
depths. The results indicate an increase of the horizontal diameter (along springlines)
followed by a decrease of the vertical (crown to invert) in all cases regardless of the
depth. Shallow tunnels experience greater deformations (approximately 1% of the
tunnel diameter) which reduce as the load shifts towards W4. The maximum increase
of the horizontal diameter and the maximum decrease are roughly 0.9%. In both cases
the load is applied above the tunnel (at #2) which in turn lies at z, = 15m. As the
load shifts towards W4 these changes reduce. These predictions are in good

agreement with Strand7 since they measure changes of D rather than absolute values,

where discrepancies may occur.

In Figure 6.35 crown deformations are expressed as a percentage of the initial tunnel
diameter against the position of the loaded-area (W) are plotted for three-different:
tunnel depths. The maximum crown deformation was approximately 2% of the tunnel

diameter and occurred at z, = 15m when the load was applied at W2. This value is

almost half that compared to the prediction of Strand7. Nevertheless the general trend
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is similar. As the load moves further away from the tunnel’s centre line the crown

deformations reduce.
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Figure 6.32. Plots of the ratio of the maximum surface settlements due to surface
loading over the tunnel diameter against the position of the load for various
excavation depths.

The bending moment distribution around the liner solely due to the effect of surface
loading is presented in Figure 6.36. The sign convention for the bending moments is
the same as that described in Section 6.2.1. This figure covers the cases of three
different tunnel depths and the loaded area varies from W2 to W4. The maximum
positive change of bending moments for the three loaded areas lies around the
springlines from 56° to 78° and from 244° to 277°. The maximum negative changes
on the other hand are situated around the crown from 330° to 360° and the invert from

180° to 146°.

Figure 6.37 shows plots of the positive and negative maximum changes of bending
moments (kNm/m) around the liner due to the surface loadmg against the position of
the loaded area (W) for three dlfferent tunnel depths. Thin lines indicate the maximum
positive changes while dotted lines indicate maximum negative changes. Shallower

tunnels seem to be mostly affected by surface loading particularly when the latter is
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Figure 6.34. Changes of horizontal and vertical tunnel diameters due to the surface
loading against the position of the applied load for various excavation depths.
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Figure 6.37. Change of bending moments due to the effect of surface loading for
different surface loaded areas and different excavation depths.

6.3.2 Twin tunnels horizontally aligned (case TH)

6.3.2.1 Introduction

In this section analyses for the case of twin tunnels with their axes horizontally
aligned are carried out using Plaxis v.8. Figure 6.38 presents one of the meshes
employed for the current parametric study where z, = 20m and P = 1D. The latter
mesh consists of 3,121 nodes and 364 fifteen-noded triangular elements. Curved
beams are used to model the lining. A coarser mesh is employed inside the left
tunnel’s cluster compared to the right since results from the latter tunnel will be used

for comparison purposes to the single tunnel geometry.
6.3.2.2 Details of the analysis

The details of the analysis are similar to those described in Section 6.3.1. The

difference in this study is that a second tunnel is introduced prior to gravity loading.
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This does not, however, influence the number of load stages which still remain two.

Two different tunnel depths (z, = 15m and 20m), three distinct pillar widths (P = 1D,

2D and 3D) and all six of the surface loaded areas (W1 to W6) are modelled. This
gives a total of 36 analyses in the particular study. The right tunnel’s position is set

while that of the left varies.
6.3.2.3  Analysis results

Figure 6.39 shows plots of the ratio of the maximum surface settlements due to the

’
max

surface loading (S!,, /D) over the tunnel diameter against its position (#). The thin

lines refer to the shallow case (when both tunnels are at z, = 15m) while the dotted
lines to the deeper case (z, = 20m). For the latter tunnels bigger settlements occur

since soil has more space to deform. The maxima of these curves occur when the load
is applied in between the tunnels rather than above them (as in the single tunnel case).

Plaxis v.8 predictions are higher by almost 10% than those from Strand7.

Figure 6.40 depicts tunnel liner deformation due to loading (scaled up, coloured

circles) when pillar width is P = 1D for two different depths (z, = 15m and 20m).

Thick circles indicate the initial shape of the lining prior to gravity loading. Both
tunnels deform in a similar two-fold way. Squatting and anti-clockwise rotating.

These findings are in agreement with previous results.

Figures 6.41 and 6.42 show plots of the change of the tunnel diameter due to the
surface load expressed as a percentage of the initial tunnel diameter against the
position of the loaded area (W) for each tunnel. Thin lines refer to the change of the
horizontal diameter (along springlines) whereas dotted lines stand for the change of
vertical diameter (crown to invert). These two graphs persuasively support the
findings from Figure 6.40 regarding the rotating and squatting shape of the liners.
Additionally, deeper tunnels seem to be less affected from the surface load although
the trend indicates similar kinds of lining deformations. In every case, for each tunnel
the maximum change of D (rgyg}hl‘y 0.8% of the tunnel diameter) occurs when the
loéd is éﬁpiied difectly above. As the load shifts further away these changes reduce
towards zero (no change of D). However when the surface load is applied at its

furthest possible distance, the vertical diameter is seen to increase while the
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Figure 6.41. Changes of horizontal and vertical tunnel diameters due to the surface
‘loading expressed as a percentage of the tunnel diameter against the position of the

applied load when z, = 15m.
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Figure 6.42. Changes of horizontal and vertical tunnel diameters due to the surface
loading expressed as a percentage of the tunnel diameter against the position of the
applied load when z;, = 20m.

210




Chapter 6. 2-D FE analysis using Strand7 and Plaxis

1.00%

e
o
3
X

0.00%

Crown settlements (%)

-2.50%

2.00%

1.00%
0.00%
-1.00%
-2.00%

-3.00%

Crown settlements (%)

-4.00%

-1.00% -
-1.50% 4

-2.00% -

— First tunnel

--------------- Second tunnel

il — -

-0.50% .

a) When z, = 15m

R“‘.-._

|

|

| 2 3 4 5 ¢

Position of the surface load (W)

b) When z;, = 20m
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against the position of the surface loaded area for different excavation depths.
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Figures 6.46 and 6.47 show plots of the maximum and minimum changes of bending
moments around the liners due to the effect of surface loading against the position of
the loaded area (W). Thin curves indicate the maximum positive changes whereas
dotted curves the maximum negative. For the shallow tunnelling case (z, = 15m) it
appears that the maxima of these curves for both tunnels lie above their centre lines
each time. For deeper tunnels though the previously mentioned trend alters
significantly. The same discrepancy is captured by both FE codes (Strand7 and Plaxis
v.8). Furthermore Plaxis v.8 predictions are smaller than Strand7 by almost 10% to

30%.
6.3.3 Twin tunnels vertically aligned (case TVD)

6.3.3.1 Introduction

In this section Plaxis v.8 analyses for the case of twin tunnels which are vertically
aligned are presented. Figure 6.48 shows one of the meshes used for the TVD case

where z;, = 15m and z,, = 20m for the upper and lower tunnels respectively. The

pillar width for this case is P = 1.D. The domain consists of 3,985 nodes. 471 fifteen-
noded triangular elements are used to model soil. Curved beam elements are used to

represent tunnel liners.

6.3.3.2 Details of the analysis

Analysis details are identical to those described in Section 6.3.2. The C.L. of the
upper tunnel is always fixed at z,;, = 15m while that of the lower varies (z,, = 20m
and 23m). Six different surface loaded areas (W1 to W6) are modelled as well as three

different pillar widths (P = piggy-back when the lower tunnel is exactly below the
upper, P = 0 and P = 1D). Thus a total of 36 analyses were carried out in this

parametric study.
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Figure 6.46. Maximum and minimum change of bending moments due to the effect of
surface loading for different surface loaded areas when z, = 15m.
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Figure 6.47. Maximum and minimum change of bending moments due to the effect of
surface loading for different surface loaded areas when z, = 20m.
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Figure 6.49. Plots of the ratio of the maximum surface settlements due to surface
loading over the tunnel diameter against the position of the loaded area for two
different excavation depths and three different pillar widths.
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Figures 6.51 and 6.52 show plots of the change of horizontal (thin lines) and vertical
(dotted lines) tunnel diameter expressed as a percentage of the initial tunnel diameter
against the position of the surface load (W). These findings are in agreement with
Figure 6.50. The maxima of these curves regarding the upper tunnel (roughly 1% of
D) always occur when the surface load is directly applied above its C.L. (i.e. at W2).
As the load shifts towards W5 the changes of the tunnel diameter reduce to zero (no
deformations). When the load is applied at W6 the shape of the tunnel changes to oval
with the larger deformed axis being the vertical diameter. This may attributed to the
proximity of the load at W6 to the left hand side boundary. The upper tunnel does not
seem to be influenced by the position of the lower. The latter tunnel’s behaviour is
similar to the other (the maximum occurs above the C.L. for each different value of
P). The magnitudes between them are however significantly lower. The general shape
1s in agreement with predictions made by Strand7, however the magnitudes predicted

by the two FE codes seem to differ by 25% to 50%.

Figure 6.53 shows crown deformations expressed as a percentage of the tunnel
diameter against the relative position of the surface loaded areas (W). Thin lines refer
to the upper tunnel while dotted to the lower. Crown deformations for the upper

tunnel seem to be unaffected of both P and z,. As for the lower tunnel smaller

magnitudes appear for deeper excavation depths. The maxima of these curves for

each tunnel occurs when the surface load directly applies above its C.L.

Figure 6.54 shows the interaction between the two tunnels and the surface load in the
TVD case compared to the single tunnel case (ST) in terms of crown settlements. For
the 7VD case crown settlements predictions from the upper tunnel are plotted as
percentage of the single tunnel case against the position of the surface loaded area
(W) for different pillar widths (P = piggy-back, 0 and 1D) when z,, = 15m. It can be
observed that a small amount of interaction exists (none to 5%) compared to the

single case predictions. Results are similar compared to the twin tunnel shallow case

from W1 to W3. As the surface load shifts towards W4 though a difference in the

prediction of interaction is identified,
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Figure 6.51. Change of horizontal and vertical tunnel diameter due to the surface
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Figure 6.54. Plots of the crown settlements due to loading of the upper tunnel in the
Piggy-back case as a percentage of the single tunnel results for various surface

loading areas when z,, = 15m.

In the next figure (Figure 6.55) the distribution of the change of bending moments
due to the effect of the surface loading is plotted for different depths of the lower
tunnel (z,, = 20m and 23m). Both of these figures refer to the case where P = piggy-

back. The sign convention for the bending moments has already been set in Section
6.2.1. The magnitudes are greater for the upper tunnel in every case as expected from
the lining deformation predictions in Figure 6.50. Positive maximum changes of
bending moments regarding the upper tunnel approximately develop from 34° to 101°
and from 219° to 298° around the springlines. The negative maximum changes of
bending moments develop from 300° to 23° around the crown and from 130° to 195°

around the invert. In the case where the lower tunnel is driven at z,, = 20m positive

maximum changes of bending moments develop from 23° to 100° and from 225° to
280° around springlines. Negative maximum changes on the other hand develop from
315° to 11° around the crown and from 135° to 190° around the invert. The range of

these maxima is similar for the case where the lower tunnel is driven at z,, = 23m.

However the absolute values of bending moments for the deeper case are smaller. -

These two figures clearly indicate that the upper tunnel is unaffected by the position

of the lower. The range of these values is slightly bigger than that predicted by
Strand7.
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Finally Figures 6.56 and 6.57 show plots of the maximum and minimum change of
bending moments (kNm/m) around both liners due to the surface loaded area against
the relative position of the loaded area (W). Thin lines refer to positive changes while
dotted to negative. The maxima of these curves lie directly above the upper tunnel’s
C.L (at W2). A similar trend is evident for the other loaded areas and the lower
tunnel. For both tunnels however, regardless of the excavation depth Plaxis v.8

produces smaller results compared to Strand7 by about 25% to 40%.
6.3.4 Comparison of the ST case with the TH and TVD cases

FE predictions regarding the first tunnel (in the 7H case) and the upper tunnel (in the
TVD case) are compared with those in the ST case in terms of maximum surface
settlements, tunnel lining deformations and bending moment distribution around the

lining. The outcome from this comparison is presented in this section.

Plaxis FE predictions in regarding crown settlements are constant within a region of
W1 to W3 (rather than W4 as is predicted in Strand7) and then gradually reduce. This
indicates that interaction occurs within the previously mentioned region. This is
further supported from the outcome of the distribution of bending moments. The
maximum deformation of the tunnel lining occurs when the load is applied at W2
forcing the tunnel to squat. These deformations reduce as the load shifts towards W5.
At W6 though the load seems to produce an ovalisation of the lining with the vertical

tunnel diameter greater than the horizontal (in contrast to the previous load cases).

In general Plaxis predicts similar amount of interaction between the two different
tunnel geometric configurations (7H and 7VD). This implies that the contributory
factors for the complex interaction mechanism are the surface load and the excavation

depth. Pillar width only marginally seems to affect the Plaxis predictions.
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Figure 6.56. Maximum and minimum change of bending moments due to the effect of
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6.4 Comparison between the Strand7 and Plaxis predictions

In the current chapter 2-D FE predictions were presented investigating the effect of
surface loading above pre-existing tunnels driven in soft ground. Two different FE
packages were used for this purpose to compare and validate the produced results. In
total 162 analyses were carried out varying the excavation depth, the pillar width, the
pillar depth and the position of the surface loaded area. The general trend between the
two FE packages regarding the lining distortions, the crown settlements and the
bending moment distribution around the tunnel liners was similar. Both packages
predict that when the surface load is applied within the region of W1 to W4 [i.e. a
horizontal distance of P < 2D from the first (TH case) or upper tunnel (TVD case)] the
existence of the interaction mechanism was evident regardless of the tunnel geometric
configuration. Further from that distance no interaction occurred. Both FE packages
gave evidence that the contributory factors to the interaction mechanism were the

surface load, the excavation depth and to a lesser extent pillar width.

Small differences in the predictions between Strand7 and Plaxis occurred. Strand7 in
particular predicted the existence of stronger interaction mechanism for the TH case
compared to the 7VD case. Plaxis on the other predicted similar amount of interaction
between the two different tunnel geometric configurations and smaller compared to
Strand7 predictions. These differences are attributed to the following three factors:

e Different types of finite elements were used to model soil in the domain. Six-
noded triangles were used in Strand7. Even though this type of finite element was
available in Plaxis as well, it was decided that the fifteen-noded triangle should be
used instead for greater accuracy.

¢ Different meshes were generated between the two FE packages. The reason was
that in Plaxis the user cannot import a mesh as in Strand7.

e Finally, even though the same elasto-plastic soil model with the Mohr-Coulomb
failure criterion was used between the two FE packages, the plastic potential

function was different. Associated flow was used in Strand7 while Plaxis used

non-associated flow. According to Potts and Zdravkovic (1999) the latter way of .

modelling real soil behaviour is more realistic than the first.
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From the previously mentioned differences in modelling it seems that Plaxis
predictions were more accurate and realistic given that a denser mesh was used to
discretise the domain which consisted of finite elements with more nodes while non-

associated flow was adopted for the plastic potential function.
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Chapter 7

3-D FE analysis of tunnelling using Strand?7

7.1 Introduction

In this chapter 3-D FE analyses are carried out using the commercial FE package
Strand7. The purpose of this study is to investigate the 3-D interaction effects of a
surface load, acting above tunnels driven in soft ground and compare them with the
equivalent 2-D presented in Chapter 6. The position of the load varies while its
magnitude is constant. The following tunnel geometric configurations are analysed:

e Single tunnel horizontally aligned (case ST)

e Twin tunnels horizontally aligned (case TH)

e Twin tunnels vertically and diagonally aligned (case TVD)

e Multiple tunnels where one axis is horizontally aligned and the other axis is

inclined (case MHI)

A parametric study was undertaken for the above mentioned tunnel geometric
configurations varying the depth to the tunnel axis ( z,), the pillar width (P) and pillar
depth (Pp), as well as the position of the surface loaded area (W). Figure 7.1 shows

how these parameters vary for each of the above mentioned tunnel geometric

configurations. The dimensions of the domain (x, y, z), the tunnel diameter (D), the

magnitude of the surface load (400kN) _and=__the dimensions of the area of load

éppiication (W) are considered to be constants throughout the analyses of this chapter.
For compatibility purposes, the surface load is directly applied on the top boundary of

the domain without the use of any type of interface elements, similar to the way it is
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modelled when performing 2-D plane strain analysis (Chapter 6). The following
convention is used in this chapter: the right hand side tunnel (see Fig. 7.1) is called

“the first”, while the left hand side tunnel is called “the second”. Consequently, z,,
and z,, are the depths to the tunnel axes of the first and the second tunnels

respectively. The solid circle in Figure 7.1 represents the single tunnel scenario

whereas the dotted circles correspond to the twin tunnel configuration.

7.2 Single tunnel case (S7)

7.2.1 Introduction

The meshes throughout this chapter are generated in Gmsh and then imported to
Strand7. The reasons for this choice, as well as the exact procedure, are presented in
detail in Chapter 5. One of the meshes used in this study is depicted in Figure 7.2.
This particular mesh consists of 2,769 ten-noded tetrahedra representing the soil, 192
six-noded triangles representing the structural components of the domain (i.e. tunnel
liner), or 7,266 in terms of nodes. Soil and lining elements shared the same nodes at
the tunnel boundary. The interface between these two different materials was not
modelled (similar to Wongsaroj et al., 2007). Tunnel boundary was modelled in the

same way throughout this chapter. The depth to the tunnel axis is z, = 15m. Three

different areas of mesh density can be identified in this figure (Fig. 7.2). The first area
consists of medium size finite elements which lie around the tunnel liner and on the
loaded area on the top boundary. The second area consists of very coarse finite
elements which are generated close to the four vertical and the bottom boundaries.
Finally, the third area consists of elements the size of which is a transition between
the previously mentioned two cases. The reason for not creating a higher density
mesh (consisting of finer finite elements) is that Strand7 imposes restrictions
regarding the size of the problem when performing a 3-D non-linear static FE
analysis. Table 7.1 shows the correlation of the size of the problem (in terms of
number of nodes, number of equations and size of the stiffness matrix [K;]) and the
time required for the solution (¢), for a series of analyses performed in this study. It is

evident that solution time increases rapidly and non-linearly with increasing size of a
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problem. Larger size problems were prohibitive to perform in these parametric studies

due to the large amount of time required for the solution.
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Figure 7.1. Geometric parameters regarding the soil, the tunnels and the surface
loaded area.
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For compatibility purposes with the 2-D FE analyses presented in Chapter 6 the tunnel
diameter D = 4m. The grid dimensions are chosen to be 17.5D long across the x-axis,
17.5D long across the y-axis and 12.5D deep along the z-axis. In Figure 7.2 there is a
plane of symmetry along the vertical tunnel diameter. Hence, the surface loaded areas
W1 and W3 produce the same effects for the single tunnel case. Therefore, only one of
these two is modelled (W3) along with W2 and 4. In total 6 analyses are performed in
this study which are classified as follows: three different surface loaded areas (W2, W3,

W4) and two different excavation depths (z, = 15m, 20m).

4
v x

Figure 7.2. Generated mesh for the single tunnel analysis when z, = 15m.

7.2.2 Details of the analysis

7.2.2.1 Initial conditions

The tunnels along with their permanent lining, in the analyses presented in the current
-..chapter, appear in the mesh as if wished in place; i.e. no tunnel excavation is
modelled. The site of interest is a non-greenfield since other structures (single or twin
tunnels) are present. Consequently the “gravity loading” method is used rather than

the “K, procedure” to determine the stress field prior to the surface loading (as
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explained in Chapter 3). The resulting displacements are considered as the zero datum
for the subsequent stages of the analysis. The soil profile used in this study is
identical to the one modelled for the plane strain analyses presented in Chapter 6. Soil

properties are presented in Table 6.2.

The boundary conditions are set so that horizontal normal movements were not
permitted along the four vertical boundaries of the domain. On the bottom horizontal
boundary no movements are permitted at all, while on the top horizontal boundary
nodes away from the edges are free. The above settings regarding the calculation of
the initial stresses, the stratigraphy and the boundary conditions are the same

throughout the analyses of this chapter.

PC characteristics Processor CPU RAM
Intel (R) 2.80GHz 3GB

No. of No. of Matrix size No. of Equations Solution time
Nodes Tetrahedra [K;] (MB) ) 9 t
7,266 2,769 77 12,255 20m
7,153 4,085 150 17,277 S8m
20,168 5,124 230 22,426 2h 9m
22,335 6,454 340 27,768 3h 56m
23,314 6,941 423 29,750 10h 6m

Table 7.1. Correlation of the size of a problem and the time required for solution.

7.2.2.2 Constitutive models

The structural components of the domain (i.e. tunnel lining) are assumed to behave in
an isotropic linear elastic way. Their properties are presented in Table 6.1. Soil
behaviour is described by a simple elastic perfectly plastic constitutive model where
the plastic region is described using the Mohr-Coulomb failure criterion along with

an associated flow. Undrained conditions are assumed throughout these analyses.
7.2.2.3 Modelling sequence

Two load stages are used for the analyses performed in this chapter. In the first stage
drained analysis is performed (using effective stiffness parameters) and gravity is
uniformly applied in the domain in five successive increments by initialising the

soil’s unit weight (y = 20 kN/m®) and the gravitational acceleration (g = 9.81 kN/m?).
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During this stage the tunnel is already installed and the corresponding displacements
are considered as the zero datum. During the second stage, drained loading is applied
(i.e. no pore water pressure changes) while the surface load is applied in twelve

increments (see Table 6.3). The procedure is described in detail in Section 6.2.1.4.
7.2.3 Analysis results

In this section results are presented for the case of a surface load applied above a
single tunnel whose axis is horizontally aligned. 3-D FE predictions regarding the
surface settlements due to the load (S'), the tunnel lining deformations along both the
transverse and the longitudinal axes, and finally the bending moment distribution of

the lining are presented.

Figure 7.3 depicts the ratio of the surface settlements produced due to the effect of the
surface load over the tunnel diameter (S'/D) plotted along the vertical axis against
the transverse distance x (horizontal axis) for three different surface loading positions

(W). The tunnel CL is driven at z, = 15m. The maximum value of S’ occurs when

the load 1s applied directly above the tunnel CL at W2. As the load shifts further away

towards W4 the value of S’ . reduces.

max

In Figure 7.4 the ratio of S’

max

/D is plotted against the relative position of the surface
loaded area W (horizontal axis) for two different excavations depths (z, = 15m and

20m). The findings indicate that only minor changes occur to S| as z, varies. The

X

maximum difference between the two plots occurs when the load is applied at 3.

Smaller values of S|, are predicted for shallow tunnels. This may be attributed to

the fact that soil is not allowed to deform freely since it is stiffened by the existence

of the tunnels close to the surface.

Figure 7.5 presents the crown settlements due to the effect of the surface loading
expressed as a percentage of the tunnel diameter against the longitudinal direction y
for three different loading positions (W2, W3 and W4). The depth to the tunnel axis is
-at z, = 15m. These three plots indicate that as the surface load shifts from W2

towards W4 the crown settlements tend to increase. The difference between the value

of crown settlements at the tunnel entrance (i.e. at y = 0) and that below the applied
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surface load (i.e. at y = 17.5D/2, see Fig. 7.1) is approximately 0.1% of the tunnel
diameter regardless of the position of the load. The maximum values of the crown
settlement (roughly 0.2% of the tunnel diameter) are then plotted in Figure 7.6 against
the relative position of the surface loaded area (W) for two different excavation
depths. It is found that the deeper the excavation the less the effect of the applied

load. Hence, smaller crown settlements are produced in the case where z, = 20m.

Transverse distance x (m)
0 10 20 30 40 50 60 70

-0.01
-0.02 -
-0.03 -
Q -0.04 -

S

-0.05 -
-0.06
-0.07
-0.08 -
-0.09 - :;—» Tunnel CL

Figure 7.3. Plot of the ratio of the surface settlements above an existing single tunnel
due to the surface load over the tunnel diameter against the transverse distance x. The
position of the load varies from W2 to W4.

Figure 7.7 shows the deformed shape of the tunnel liner (scaled up) due to the effect
of the surface load (shown as coloured lines) at a plane normal to the longitudinal y-
axis at a distance of y = 17.5D/2, for two different excavation depths. The deformed
shape can then be compared to the initial undisturbed lining prior to any loading stage
(shown as a solid line). The whole tunnel seems to translate vertically. A secondary

minor horizontal translation takes place opposing the position of the applied surface

load .as. this shifts from W2-towards 4. Smaller movements occur for deeper

excavated tunnels.
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Position of the surface load (W)
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Figure 7.4. Plots of the maximum surface settlement due to surface loading against the
position of the surface loaded area for two different excavation depths.

Longitudinal distance y (m)
0 10 20 30 40 50 60 70
-0.166% -

-0.168% -
-0.170%
0.172% -
-0.174%

-0.176%

Crown settlements (%)

-0.178%

-0.180% -

-0.182% -

Figure 7.5. Crown settlements due to loading along the longitudinal y-axis for three
different surface loading positions. The depth to the tunnel axis is at z, = 15m.
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Figure 7.8 shows the change of bending moment distribution (in kNm/m) around the
tunnel liner solely due to the effect of the surface load (akin to Fig. 6.9) for two
different excavation depths, at a transverse plane at y = 17.5D/2. The same sign
convention as used in Chapter 6 is adopted throughout; i.e. negative bending
moments correspond to straightening of the lining (tension at intrados) while positive
bending moments indicate increase of the lining curvature (compression of intrados).
Tunnel crown lies at an angle of 0° while the tunnel invert is at 180°, moving in a
clockwise direction. Deeper tunnels seem to produce smaller values of bending
moments. The maximum positive value of bending moment seems to occur at around
225° (rather than 270°), while the maximum negative occur at 135° instead of 180°.
Had more nodes been generated around the tunnel, more accurate predictions could
have been obtained. However, as explained in Section 7.2.1 restrictions are imposed

by the FE software used.

In Figure 7.9 the maximum positive and negative values of the change of bending
moments (kNm/mm) solely due to the surface load around the tunnel at y = 17.5D/2
are plotted (horizontal axis) against the relative position of the surface load (W) for
two different excavation depths. These plots indicate that shallower tunnels lead to
larger values of bending moments and therefore these tunnels are more affected from
the surface load which appears intuitively curved. The position of the load does not
seem to vastly affect the liner since these plots are almost parallel to the horizontal

axis.

7.3 Twin tunnels horizontally aligned (case TH)

7.3.1 Introduction

In this section the case of twin tunnels which are horizontally aligned is examined.
Figure 7.10 shows one of the meshes used for this geometric configuration, where the

depth to the tunnel axes is z,, = z,, = 15m while the pillar width is P = 1D. The 3-D

rp;sh consists of 20,168 nodes. In terms of elements, these are 5,124 ten-noded

tetrahedra and 384 six-noded triangles.
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Figure 7.8. Change of bending moments due to the effect or surrace i10aaing for
different surface loaded areas when z, = 15m and 20m. The axial axis refers to the

distribution of bending moments (kNm/m) around the tunnel, while the
circumferential axis refers to the angle around the tunnel.
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Figure 7.9. Change of bending moments due to the effect of surface loading for
different surface loaded areas and different excavation depths.
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The details of the analysis are identical to those presented in Section 7.2.2. The only
difference is that during the calculation of the initial conditions a second tunnel is
present in the domain. This however does not affect the number of the loading stages.
Six surface loading positions are modelled (WI to W6), along with two different

excavation depths (z,, =z,, = 15m and 20m) and two different pillar widths (P =

1D and 2D). Consequently 24 analyses were performed in this study.

<
@%}N
x

Figure 7.10. Generated mesh for the 7H case when z,, =z,, = 15m and P=1D.

7.3.2 Analysis results

The dimensionless ratio of S, /D plotted on the vertical axis against the relative
position of the surface load (W) along the horizontal axis is presented in Figure 7.11.
Two different excavation depths and two different pillar widths are modelled. Thin

lines refer to the z,, = z,, = 15m case whereas dotted lines refer to the z,, =z, =

20m case. In the case where P = 1D the maximum value of-S| . roughly occurs-at

W3 (i.e. the mid-distance between the two tunnels) regardless of the excavation depth.
In the case where the tunnels are further separated (P = 2D) the trend is not so clear to

identify.
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Figure 7.11. Plots of the ratio of S

max

/D against the position of the load for various
excavation depths.

Figure 7.12 shows the crown settlements due to the load expressed as a percentage of

the tunnel diameter of the first tunnel against the longitudinal direction y for six

different loaded areas. Two different tunnel depths are modelled (z,, = 15m and

20m) when the pillar width is P = 1D. The FE predictions indicate that the maximum
crown settlements regarding the shallow case occur when the load is applied in the
vicinity of W2 (directly above the first tunnel’s CL) and W3. As the load shifts further
away the resulting settlements decrease. Another interesting outcome from this figure
is that when the load is applied at W1 (1D to the right of the first tunnel) the predicted
settlements are similar to those produced at W5 (1D to the left of the second tunnel).
This can be attributed to the interaction between the twin tunnels and the applied
load. The maximum crown settlements regarding the deeper case occur when the
surface load is applied between WI and W3 (roughly above the first tunnel). As the
load shifts away from that tunnel towards W6, these deformations seem to reduce.
The interaction mechanism which was identified for the shallow case seems to no

longer exist for the deeper case.

The maximum crown settlements due to the load expressed as a percentage of the

tunnel diameter against the relative position of the surface loaded area (W) are plotted

243



Chapter 7. 3-D Finite element analysis using Strand7

in Figure 7.13, for two different excavation depths and two different pillar widths.
The thin lines correspond to crown settlements of first tunnel while the dotted lines to
the second tunnel. Similar behaviour is observed for each of the two tunnels
regardless of both P and z). However, slightly larger values of crown settlements are
predicted for the shallow case (approximately 0.02% of the tunnel diameter). When
the load is applied within the region of WI to W4 the predicted values of the
maximum crown settlements appear to be constant. Further from this area (at W5 and
W6) these values reduce rapidly. This is an indication that the interaction mechanism
due to the load is strong when the load is applied within W/ to W4 (i.e. 2D to 3D
from the first tunnel’s CL). For the deeper case a similar trend to the shallow case is
evident with a much smoother transition though from W/ to W6. This indicates a

smaller interaction compared to the shallow case.

Figure 7.14 shows the deformed shape of both tunnels (scaled up) due to the effect of
the surface load (shown as coloured lines) for two different excavation depths and six
different surface loaded areas (W). The pillar width distance is P = 1D. These
deformed shapes are then compared to the initial tunnel lining (solid lines) prior to
any loading stage. The tunnel seems to behave like a rigid body. Hence, no change of
its vertical or horizontal diameter occurs so as to alter its shape. Vertical and (smaller)
horizontal translations are the two distinct movements caused by the surface load.
These shapes are not circular as they should. Instead a peak is formed at the crown.

This is attributed to the small amount of points used at the tunnel boundary.

Figure 7.15 shows the interaction between the two horizontally aligned tunnels and
the surface load compared to the single tunnel case (S7). The FE predictions
regarding the crown settlements of the first tunnel (for the TH case) are plotted on the
vertical axis as a percentage of the single tunnel case against the relative position of

the surface loaded area (W). Two different pillar widths (P = 1D, 2D) and two

different excavation depths (z,, = 15m and 20m) are modelled. Thin lines refer to the
shallow case, and dotted lines to the deepest. These plots indicate that for the deeper
.,f)f the two analysed cases (z,, = 20m) less or no interaction is identified compared to
the shallower case (z,, = 15m) where interaction is more evident. The difference

though is small (between 2% to 5%). As the surface load shifts away from the first

tunnel the interaction decreases regardless of the excavation depth. This outcome is

244







Chapter 7. 3-D Finite element analysis using Strand7

Position of the surface load (W)
1 2 3 4 5 6

First tunnel

Crown settlements (%)

Crown settlements (%)

b) z,, = z,, = 20m

Figure 7.13. Maximum crown séttlements expressed as a percentage of the tunnel
diameter against the position of the surface loaded area for different excavation
depths.
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Figure 7.15. Plots of the crown settlements due to loading of the first tunnel in the TH
case as a percentage of the single tunnel predictions for various surface loading areas
and two different tunnel depths.

Figure 7.16 depicts the distribution of the change of bending moments (in kNm/m)
around each tunnel for various surface loading positions (W) and for two different
excavation depths. The pillar width is P = 1D. Positive maximum values of bending
moments due to the surface loading occur around 180° and 225° while negative
maximum occur at 135° for both tunnels, regardless of the tunnel depth. In Figure
7.17 the maximum positive and negative values of the change of bending moments
regarding the first tunnel are then plotted on the vertical axis against the relative
position of the surface loaded area (W, horizontal axis) for two different pillar widths
(P = 1D and 2D). It appears that deeper tunnels are less affected by the surface load
since smaller values of bending moments are predicted. These plots are almost
parallel to the horizontal axis (no peak). This indicates that the load acting normal to

the surface only marginally affects the maximum values of the bending moments.
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7.4 Twin tunnels vertically aligned (case 7VD)

7.4.1 Introduction

The cases of twin tunnels which are vertically aligned (P = piggy-back) and
diagonally aligned (P = 0 and 1D) are presented in this section (case 7VD). One of
the meshes used for this geometric configuration is presented in Figure 7.18 where

the depths to the tunnel axes are z;, = 15m and z,, = 23m. The pillar width and

pillar depth are P = 0 and Pp = 1D respectively. The 3-D mesh consists of 7,190 ten-
noded tetrahedra elements representing the soil and 384 six-noded triangles
representing the tunnel lining, and there are 16,387 nodes. The details of analysis are
the same to those described in Section 7.2.2. In this study the position of the first

tunnel (named as upper in this parametric study) is fixed at z,, = 15m (hence, its

position will not be repeated hereafter), while that of the second tunnel (named as
lower in this parametric study) varies. Six different surface loading positions (W1 to

W6), two different excavation depths of the lower tunnel (z,, = 20m and 23m) and

finally three different pillar widths (P = piggy-back, 0 and 1D) are modelled, to give a

total of 36 analyses carried out in this parametric study.
7.4.2 Analysis results

Figure 7.19 depicts the ratio of the maximum surface settlements due to the effect of

surface load over the tunnel diameter (S, /D) against the relative position of the

surface load (W). Two different excavation depths for the lower tunnel are modelled

(z,, = 20m and 23m) and three different pillar widths (P = piggy-back, 0 and 1D).

The thin lines refer to the shallow case while the dotted lines refer to the deepest case.

The general pattern of these plots indicates that the position of the second tunnel does

[
max *

not significantly affect S . Further to this, the maximum values of S/ __ roughly

occur when the surface load is directly applied above the upper tunnel (at #2). As the

load shifts further away towards W6 these values decrease regardless of the position

" of the second tunnel.
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Figure 7.18. Generated mesh for the TVD case. The depths to the tunnel axes are z,
= 15m and z,, = 23m. The pillar width and pillar depth is P = 1D and Pp = 1D

respectively.

Figure 7.20 shows the crown settlements produced solely by the surface load for the
upper tunnel expressed as a percentage of the tunnel diameter against the longitudinal
direction y. Six different loaded areas are analysed (W/ to W6) while the pillar depth
between the two tunnels is Pp = D/4 and the pillar width is P = piggy-back. These
plots suggest only minor settlements along the longitudinal axis y, regardless of the
position of the surface load. There is a line of symmetry for this particular geometric
configuration along the vertical tunnel axis. Consequently it is expected that when the
surface load is applied at W1 or W3 similar predictions should be generated. This is

confirmed from this figure.

Figure 7.21 shows both tunnels’ maximum crown settlements due to the effect of the
load along the longitudinal y-axis expressed as a percentage of the tunnel diameter
plotted against the relative position of the. surface load- (W). Three different pillar-
widths (P = piggy-back, 0 and 1D) and two different excavation depths of the second

tunnel (z,, = 20m and 23m) are modelled. Thin lines refer to the shallow case while

dotted lines refer to the deeper case. The trend of these settlements regarding the
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upper tunnel (see Figure 7.21a) indicates that as the pillar width increases so do the
magnitudes of the crown settlements, regardless of the position of the lower tunnel.
Figure 7.21b shows predictions regarding the lower tunnel. These predictions indicate
that for a shallower excavation of the lower tunnel bigger values of crown settlements
are produced. It seems that the closer the lower tunnel is driven to the upper the more
these two tunnels interact. Hence, for the 7VD case both the load and the position of
the lower tunnel contribute to the interaction mechanism, unlike the 7H case where
only the surface load is a contributory factor. The upper tunnel’s crown settlements

seem always to be bigger than those predicted for the lower, regardless of the pillar

width or depth.
Position of the surface load (W)
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Figure 7.19. Plots of the maximum surface settlements due to surface loading against
the position of the load for various excavation depths and pillar widths.

In Figure 7.22 the deformed shapes of both tunnel liners (scaled up) due to the effect
of the load at a longitudinal distance of y = 17.5D/2 are plotted for two different
excavation depths of the lower tunnel. The pillar width is P = piggy-back (i.e. the
lower . tunnel directly below.-the upper). The solid line represents- the-un-deformed
shape of the tunnels prior to any loading stage. Once more, similar to the single
tunnel case, the only observed movement is translation along both the vertical and the

horizontal axes. The upper tunnel deforms in the same way regardless of the position
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Figure 7.23. Plots of the crown settlements due to loading of the upper tunnel in the
TVD case as a percentage of the single tunnel predictions for various surface loading
areas when z;, = I15mand z;, = 20m.

The distribution of the bending moments (in kNm/m) around the tunnel liners just due

to the effect of the surface load is plotted in Figure 7.24 for different positions of the

surface load (W).The depth to the tunnel axis of the lower tunnel varies (z,, = 20m

and 23m), while the pillar width is P = piggy-back. The magnitudes of the bending
moments always appear to be greater for the upper tunnel. The position of the lower
tunnel does not seem significantly to affect the moment distribution in the upper
tunnel liner. The positive maximum values of bending moments for the upper tunnel
develop at approximately 225° and 45°. The negative maximum values on the other
hand occur at 135°. These values are constant regardless of the position of the lower
tunnel. The positive maximum values of bending moments for the lower tunnel this
time develop between roughly 180° to 225° and between 315° and 0°. The negative
maximum values occur between 90° to 135° and at 270°. The range remains the same
regardless of the excavation depth. The values of bending moments (regarding the

lower tunnel) slightly reduce though for deeper excavations.

Figire 7.25 show the previously mentioned positive maximum (thin lines) and

negative maximum (dotted lines) values of the change of bending moments (in

kNm/m) due to the surface load for the upper tunnel. Three different pillar widths are
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Figure 7.25. Maximum and minimum values of bending moments due to the effect of
surface loading for different surface loaded areas when the lower tunnel is at z,, =

20m and 23m.
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7.5 Multiple tunnels (case MHI)

7.5.1 Introduction

In this section the case of multiple tunnels is analysed where one tunnel is inclined
and the other is horizontally aligned (MHI case, see Figure 7.1). A parametric study is
carried out varying the pillar width (P = 1D and 2D) and the position of the surface
loaded area (W1 to W6). A total of 12 analyses thus are performed. The position of

the first tunnel (i.e the horizontal) is fixed at z,, = 15m. The depth to the tunnel axis
at the entrance of the second tunnel (i.e. the inclined) is z,, = 15m, the inclination

angle of which is 4° throughout this parametric study. This value is used to try to
resemble the angle at which the tunnels dip from the surface to the ground to reach
the service depth. The value of this angle usually varies but small values are preferred
to ensure for a smooth rather than steep transition. Figure 7.26 shows one of the
meshes used for this geometric configuration. The mesh consists of 5,379 ten-noded
tetrahedra and 384 six-noded triangles. In terms of nodes the mesh consists of 12,109.
The pillar width is P = 1D. The details of the 3-D FE analyses are the same as those

presented in Section 7.2.2.

<
A~
x

Figure 7.26. Generated mesh for the MHI case where the pillar width is P = 1D and
the inclination angle of the second tunnel is 4°.
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7.5.2 Analysis results

In Figure 7.27 the maximum surface settlements due to the effect of the load over the

tunnel diameter (S! /D) are plotted on the vertical axis against the position of the

surface load (W) for two different pillar widths. The thin line refers to the case where
P = 1D while the dotted line to the case where P = 2D. The maximum values of these
plots occur when the surface load is applied at W2 (directly above the first tunnel) and
W4 (roughly the region above the second tunnel), regardless of the position of the
second tunnel. Further to this, the FE predictions indicate that as the load shifts

further away from W2 (towards W6), the values of the plot referring to the case where

P = 2D are always bigger than those referring to the P = 1D case. This is explained as
follows: the larger the clear space between the two tunnels (P = 2D) the more space

the disturbed due to the surface load soil has to deform. Hence, the deeper the

[
max *

settlement trough and, as a consequence, the larger the predictions of S

Position of the surface load (W)
1 2 3 4 5 6

S’max/D

Figure 7.27. Plots of the ratio of the maximum surface settlements due to surface
loading over the tunnel diameter against the position of the load for different pillar
widths. , » L L I
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Figure 7.28 shows plots of the crown settlements due to the surface load expressed as
a percentage of the tunnel diameter along the longitudinal y-axis regarding the
horizontal tunnel for different loading positions (W). The pillar width is modelled to
be P = 1D. In every case the maximum crown settlements approximately occur at a
longitudinal distance of y = 17.5D/2 (i.e. the area where the load is applied). The
difference between the maximum value of crown settlements compared to the
minimum value, which occurs at y = 0 and 17.5D (i.e entrance and exit of the
tunnels), is constant. This figure indicates that when the load is applied at the areas
W1 and W3 (i.e. at a distance of 1D from each side of the horizontal tunnel), similar
crown settlements occur. As the load shifts further away from the horizontal tunnel

towards W6, these settlements reduce considerably.

In Figure 7.29 the maximum crown settlements due to the load expressed as a
percentage of the tunnel diameter are plotted against the relative position of the
surface loaded area (W) for two different pillar widths. Thin lines refer to the
horizontal tunnel while dotted lines refer to the inclined tunnel. The trend of these
plots for each tunnel is similar regardless of the pillar width. The horizontal tunnel
seems to be more affected by the surface load when the latter is applied within the
boundaries of W1 to W4 (crown settlements almost constant within the region of W1
to W4). As the load shifts further towards W6 the interaction between the load and the

horizontal tunnel seems to fade, while the plot changes its gradient rapidly.

The deformed shapes of the tunnels (shown as coloured lines) due to the load (scaled
up) in a plane normal to the longitudinal y-axis at a distance of y = 17.5D/2 are
presented in Figure 7.30, for two different pillar widths. The solid line corresponds to
the shape of the tunnels prior to any loading stage. Similar patterns of movements are
observed to those described in Section 7.3.2. Hence, only vertical along with
horizontal translation takes place without any change of the horizontal or the vertical

tunnel diameter.
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Figure 7.31 shows the interaction between the two tunnels for the MHI case and the
surface load compared to the single tunnel case (S7). Crown settlement predictions of
the first tunnel are plotted on the vertical axis as a percentage of the single tunnel case
against the position of the load (W). Two different pillar widths are modelled (P = 1D
and 2D). These plots are almost parallel to the horizontal axis when the surface load
is applied within the region of W/ to W3. This indicates that there is interaction (2%
to 5%) in that area and the contributory factor is the load. Further from that area the
gradients of these plots change. This indicates a reduction of the interaction
mechanism. By comparing Figures 7.31 and 7.15 (regarding the TH case) it seems
that they are almost identical. Thus, it can be said that the fact that the second tunnel
is inclined in this geometric configuration does not alter the interaction mechanism in

any way compared to the 7H case where the second tunnel is horizontally aligned.
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Figure 7.31. Plots of the crown settlements due to loading of the first tunnel in the
MHI case as a percentage of the single tunnel predictions for various surface loading
areas and two different pillar widths.

The distribution of the bending moments (in kNm/m) solely due to the effect of the
surface load is presented in Figure 7.32 for both of the tunnels. The values presented
in this figure are extracted from a normal to.the longitudinal y-axis:-plane-at-a-distance-
of y = 17.5D/2. The pillar width varies from P = 1D to 2D. Positive maximum values
of bending moments regarding the horizontal tunnel develop between 180° and 225°.

The negative maximum values on the other hand seem to appear at 135°. These

265






Chapter 7. 3-D Finite element analysis using Strand7

Figure 7.33 shows the horizontal tunnel’s positive (thin lines) and negative (dotted
lines) maximum values of bending moments (in kNm/mm, on the vertical axis) due to
the load on a plane normal to the longitudinal y-axis (at the mid-distance) against the
relative position of the surface load (W). Two different pillar widths are modelled.
The trend indicates that as the load shifts away from W2 towards W3, the plotted
values of bending moments seem to be constant (roughly parallel to the horizontal
axis). At W6 though the gradient of these plots changes slightly which indicates that

interaction seems to reduce.
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Figure 7.33. Positive and negative maximum values of bending moments due to the
effect of surface loading of the horizontal tunnel for different surface loaded areas and
different pillar widths.

7.6 Comparison of the ST case with the TH, TVD and MHI

cases

In this section the 3-D FE predictions regarding the single tunnel case (ST) are
compared with those regarding the TH, the TVD and the MHI cases. The reason for
this comparison 4i"s' to identify and to better understand the complex interaction .
meéhaﬁishi l;etween the two tunnels, the ground and the surface load in three
dimensions. The comparison between the above mentioned cases is made in terms of

the maximum surface settlements, the maximum crown settlements and the maximum
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change of bending moments around the tunnel liner due to the surface load.

For the TH case the FE predictions regarding the first tunnel are roughly constant
when the surface load is applied within the region of W1 to W4 (i.e. within a distance
of P < 2D from the first tunnel). Further from this area (W5 and W6) these predictions
are no longer constant. The first outcome from this comparison is that there is
interaction within a region of P < 2D from the first tunnel which can be attributed
mainly to the surface load. Further from this area interaction seems to decrease. For
deeper excavations the FE predictions seem to reduce as well. It appears that the
position of the second tunnel within the domain is not such an influencing factor as
the surface load for the current geometric configuration. The reason for this second
outcome is that the general trend of the plots regarding the above mentioned three

parameters is the same in both (S7" and TH) cases.

The 3-D FE predictions regarding the lower tunnel in the TVD case confirm the above
findings regarding the region where interaction mechanism is evident (W1 to W4).
The maximum crown settlements regarding the ST case (Fig. 7.6) are similar to the
TVD case when the lower tunnel is at P = 1D from the upper (Fig. 7.21). This is an
indication that there is almost no interaction between the two tunnels, the ground and
the surface load at that distance. As a consequence the upper tunnel can be considered
as single (i.e. greenfield conditions) beyond that pillar width (P > 1D). In this
geometric configuration therefore, the interaction mechanism is affected by the
surface load, the excavation depth and the position of the lower tunnel, unlike the 7H
case. The upper tunnel is greatly affected in the case where the lower is placed

exactly beneath (piggy-back geometry) and at a pillar depth of Pp = D/4.

The maximum crown settlements regarding the horizontal tunnel (for the MHI case,
(Fig. 7.29)) are similar to those predicted for the ST case (Fig. 7.6) when the surface
load is applied within the region of W1 to WA4. In general, the fact that the second
tunnel is inclined, rather than horizontal (as in 7H case) does not seem to affect
considerably the predictions regarding the first tunnel (see Figures 7.15 and 7.31).
_ The interaction mechanism is mainly-affected by the surface-load rather than the -

position of the second tunnel, similarly to the TH case.
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7.7 Comparison between the 2-D and 3-D predictions using
Strand?7

Tunnelling is clearly a 3-D problem. Hence, 3-D FE analysis should be used rather
than 2-D, given that the appropriate computer resources are available. Further to this,
many published data are available comparing both 2-D and 3-D FE predictions of
settlement with field data indicating that the 3-D predictions are closer to the field
values and approximately two to three times smaller than the equivalent 2-D

predictions (Dasari ef al. 1996, Abdel-Meguid et al. 2002).

In this section, a comparison between the 2-D and the 3-D FE predictions, which are
presented in Chapters 6 and 7 respectively, is performed when using the same
commercial software (Strand7). The reason for this comparison is to try and find
whether the type of FE analysis carried out (i.e. 2-D or 3-D) alters the predictions, i.e.
to try and find whether it is possible to model the complex interaction mechanism
between the surface load, the tunnels and the ground by using plane strain

approximations.

The general trend of the plots regarding the maximum surface settlements due to the
surface load, the distribution of the bending moments around the tunnel liners and the
crown settlements due to the load is similar irrespective of the type (2-D or 3-D) of
the FE analysis performed. However, the values of the plane strain analysis are
always bigger than the equivalent 3-D. This is in agreement with the above mentioned
published data. Further to this, the deformed shape of the tunnel liner due to the load
along with the distribution of the bending moments reveal that the tunnel squats and
rotates when performing 2-D analysis. The predictions regarding the tunnel shape
when performing 3-D analysis though reveal a different type of deformation and
different distribution of bending moments. This time the tunnel seems to move as a
rigid body (no change of the vertical or the horizontal tunnel diameters) since the only
kind of movement it undergoes is vertical and horizontal translation. According to
Moore and Brachman (1994) the 2-D FE predictions regarding th_e hoop thrust and
‘the bending moments are more conservative and of the wréng :shapé coinpared to thé
equivalent 3-D predictions. These findings are in agreement with the findings of this

chapter.
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When the surface load was applied within the region of W1 to W4 (i.e. P < 2D)
interaction was evident. The same region was predicted in both types of FE analyses
(i.e. 2-D and 3-D). In the 2-D FE analysis the surface load along with the excavation
depth were the two significant factors for the interaction mechanism regardless of the
tunnel geometric configuration. In the 3-D FE analysis these two factors were also
identified regarding both the 7H and the MHI cases, while for the TVD case the pillar
width was a third factor contributing to the interaction. This was the case especially in
the piggy-back geometry. However, as pillar width increased, interaction seemed to

reduce.

The differences in the predictions between the different types of FE analyses (2-D

and 3-D) are attributed to the following reasons:

o Different types of finite elements are used. Two-noded beam elements and six-
noded triangles are used to model the tunnel lining and the ground respectively
for the 2-D FE analyses, while six-noded thin shell elements and ten-noded
tetrahedral elements are used to model the lining and the ground respectively for
the 3-D analyses.

e The generated meshes differ in some extent. In particular the 2-D mesh is slightly
denser than the equivalent 3-D.

e In the 3-D analysis the surface load is applied on a square patch. The plane strain
approximation though indicates that the load is applied on an infinite stripe.
Consequently the transfer of the surface load in the ground is greater in the 2-D
analysis. Hence the predicted deformations are larger compared to the equivalent

3-D predictions where the ground and the tunnel liner seem to be stiffer.

The outcome from the above mentioned comparison between different types of FE
analyses highlights the need to perform three dimensional rather than two
dimensional FE analyses for the problem under investigation in this thesis since

different predictions are produced for different dimensionality.

The objective of this project was not to compare the FE predictions with field data but

__to compare and evaluate the different methods themselves (for the reasons described

in Sections 1.3 and 2.5.2). Thus a merely theoretical analysis in both Chapters 6 and 7

was performed for acquiring quality rather than quantity measurements.
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Chapter 8

Achievements and conclusions

8.1 Introduction

It is the tunnel engineer’s responsibility to ensure that the tunnel will be able to
withstand any variations from the normal conditions which may put at risk a tunnel’s
functionality. Such variations may be caused by the complex interaction mechanism
of soil-tunnel-structure. The need for this research was initiated from the failure of
empirical methods to accurately account for this complex interaction mechanism
which is commonly faced in urban areas where adjacent or overlying structures are
built in close proximity to already driven tunnels. The aim of this research project
was therefore to produce and evaluate tools for numerical modelling of the complex

interaction mechanisms involved.

To fulfil this aim a series of objectives were set. The achievements and the
conclusions drawn from these objectives are summarised in the following sections of
this chapter. Limitations faced throughout this research are also discussed. Finally,
recommendations for further research in the future to extend the scope of this project

are given.

8.2 Conclusions

8.2.1 Numerical modelling

The first objective of this project was to make an assessment of the feasibility of
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undertaking both detailed and accurate 3-D numerical modelling in terms of the
available computer resources. It was found that in order to perform 3-D non-linear
static analysis, using the commercial FE software Strand7, the optimum size of the

problem should consist of less than 30,000 degrees of freedom (d.o.f).

Of the available approaches (e.g. empirical, analytical, physical) only numerical
modelling has the ability to model the complex mechanism of soil-tunnel-structure
interaction with accuracy. Further to this numerical modelling has the ability to
perform parametric studies varying both geometric and material parameters of the
domain. 13 2-D FE analyses were performed in Chapter 4 studying the effect of
various parameters on the direction of the displacement vectors due to tunnelling
under greenfield conditions. 162 2-D FE analyses and 80 3-D FE analyses were
performed in Chapters 6 and 7 respectively studying the soil-tunnel-structure
interaction mechanism. A better understanding of this mechanism was achieved.
Consequently, a total of 255 analyses were carried out during this project. This

number would not have been possible to undertake using another method.
8.2.2 Mesh generation using Gmsh

The second objective of this project was to try and reduce the amount of time spent
during the pre-processing stage of tunnelling schemes when performing 3-D FE
analysis. This main time-consuming activity being the generation of a suitable FE
mesh. Discretisation can be broadly divided into structured and unstructured
approaches. Many commercial FE packages use the former approach (e.g. Strand7).
The shortcomings of using such mesh generators were presented in Chapter 5, the
most important of which was meshing time. For complex geometries, in particular,
meshing time tended to be prohibitive especially if an extended parametric study was
required. It was shown that some time can be saved by re-meshing only a sub-section
of the whole domain (e.g. around the tunnel) although care is needed to ensure

coincidence of nodes.

Motivated by the need to generate a large number of meshes for a parametric study of
tunnelling related problems, and overcome the difficulties produced by structured
mesh generators (described above), a scheme based on parameterizing analyses was

investigated using the freeware package Gmsh. This is a fully automated 3-D

272



Chapter 8. Achievements and Conclusions

unstructured tetrahedral mesh generator based on the Delauney triangulation

algorithm.

In Chapter 5 a series of tests were performed using Gmsh in order to show the
difference in philosophy to the structured approach and to find the optimum density
of the generated meshes with respect to both the mesh quality and the time required to
perform the FE analyses using Strand7. The outcome from these tests was that for a
highly refined mesh the geometry of the domain did not affect the overall mesh
quality. For a very coarse mesh, however, mesh quality was vastly affected by the
geometry. Thus, as the size of the finite elements increased the overall mesh quality
deteriorated while the time for the discretisation decreased. The use of areas of
different densities within the same domain became the chosen approach to optimise
the overall mesh quality and the amount of time required for the mesh generation.

The beneficial impact of local refinement was therefore made obvious.

Then, the evaluation of the meshes used in Chapter 7 for the 3-D FE analyses took
place. Limitations were imposed by Strand7 when performing non-linear static
analysis regarding the size of the problem and consequently the quality of the mesh.
The specific dimensions of the 3-D meshes were chosen to meet these restrictions.
Gmsh used a shape measure (the aspect ratio y) to validate the discretised domains.
The overall mesh quality was characterised as “good” using this measure. The
presence of a second tunnel within the domain (twin tunnel geometry) seemed to
further increase the mesh quality. The reason was that the second tunnel introduced
another dense area, similar to that of the first tunnel. However, the required time for
the discretisation increased since the total number of the generated finite elements

increased as well.

Finally, a code was investigated for generating meshes to model tunnel excavation
(tunnel advance in consecutive steps) and lining instalments, even though tunnel
excavation 3-D FE analyses were not performed. Gmsh proved to be a very flexible
and powerful tool giving the user the opportunity to model not just horizontal tunnels

but also inclined and intersecting tunnels.
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8.2.3 Comparison of the different methods used

The next objective had to do with the comparison and evaluation of the different
softwares used in this project. Two different commercial FE packages (Strand7 and
Plaxis) were used to perform 2-D analyses to predict tunnel deformations due to
surface loading in soft ground. 3-D analyses for the same problem were then
performed to highlight the differences between the different types of analyses (2-D
and 3-D). In both cases the dimensions of the domain, the soil and the tunnel lining
properties were kept constant (apart from the soil dilation angle). The surface load
was directly applied to the surface of the finite elements. No interface elements were
used to model the existence of any type of foundations or treatment to the ground
prior to loading. The magnitude of the load was also constant. Its magnitude was
chosen to resemble the uniform stress of a 10-storey building, assuming a stress of 10
kN/m® per storey (BS 8002). This was rather an unrealistic case. However, it was
chosen as a worse case scenario of an accidentally concentrated load. Tunnel
excavation was not modelled. In both types of analyses performed (i.e. 2-D and 3-D)
drained analysis is carried out. This implies that soil might experience elastic volume
changes (in contrast to undrained analysis where no volume changes exist). The
difference however to an undrained analysis is expected to be small in these studies.
Further to this the objective of this project was not to compare the FE predictions
with field data but to compare the different methods themselves. Thus a merely

theoretical analysis in was performed.
2-D case

For the 2-D case (presented in Chapter 6), the same number of analyses were
performed with each software (Strand7 and Plaxis) giving a total of 162 analyses.

Parametric studies were carried out varying the depth of the tunnel axis (z,), the

pillar width (P), the pillar depth ( P,) and the position of the surface loaded area

(W). Single tunnel analyses were performed first followed by twin tunnel analyses of
various tunnel configurations (e.g. twin tunnels horizontally, vertically and diagonally ‘
aligned). The aim was to identify how the br;esenéer of the second tunnel affects the
first tunnel and the minimum pillar width where interaction starts to reduce; i.e. the

distance where predictions regarding the first tunnel (twin tunnel case) were similar to
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those regarding the single tunnel case.

It was found that the deformed shape of the tunnel solely due to the effect of the
surface load is squat (i.e. an increase of the horizontal diameter and decrease of the
vertical) and rotation is evident anticlockwise opposing the position of the surface
load. Similar predictions regarding the shape of the tunnel due to loading were made
by Schroeder (2002). It was also found that the surface load and the excavation depth
rather than the position of the second tunnel contributes to the interaction mechanism,
regarding both the TH (twin tunnels horizontally aligned) and the 77D (twin tunnels
vertically or diagonally aligned) cases. For the TVD case in particular, the presence of
the second tunnel contributed to the interaction, particularly so when the lower tunnel
lay exactly below the upper (piggy-back case). Finally, the interaction seemed to be
constant when the surface load lay within a region of approximately P < 2D from the
first tunnel. Further from that distance, interaction seemed to reduce. The general
trend from both FE packages was similar with small variations regarding the absolute
values of the predictions. These variations were attributed to the following three
factors:

e The domain problem was discritised differently between the two FE packages.

o Different types of finite elements were used to model the soil. Six-noded triangles
and fifteen-noded triangles were used in Strand7 and Plaxis respectively to model
the soil.

e Plastic potential function with associated flow was used in Strand7 while a plastic

potential function with non-associated flow was used in Plaxis.
3-D case

The 2-D FE predictions produced by Strand7 were then compared with the equivalent
3-D predictions using the same package as presented in Chapter 7. In this way the
complex interaction mechanisms of soil-tunnel-structure were modelled and studied
in all three dimensions in space. Since the nature of tunnelling is 3-D it was suggested

that this was a better way to model the problem under investigation.

The 3-D prédictions regarding the deflected shape of the tunnel solely due to the
effect of the surface load showed only small vertical translations. The shape of the

tunnel did not alter nor did it rotate as was the case from the 2-D predictions. Similar
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conclusions with the 2-D case were drawn however regarding the minimum distance

where interaction reduces. Nevertheless the magnitudes of the 3-D predictions were

smaller. Dasari et al., (1996) and Abdel-Meguid et al., (2002) came up with similar

observations. The main reasons for this difference were attributed to the following

factors:

e Different types of finite elements were used between the different types of the
analyses.

e The 2-D generated mesh was slightly denser compared to the 3-D mesh.

e The surface load was concentrated within a square patch in the 3-D analysis while
in the 2-D the approximation made indicated an infinite stripe. In the latter case
therefore, the transfer of load in the ground was bigger. As a result more

deformations were produced, in contrasts to the 3-D predictions where both the

ground and the tunnel liner seemed to be stiffer. This shows that numerical
analysis of this problem gives different predictions for different dimensionality

and care is required.
8.2.4 On the direction of the deformation vectors

The last objective of this research was to attempt to clarify the ongoing conflict
amongst researchers regarding the direction of the deformation vectors due to
tunnelling in a greenfield site assuming plane strain conditions. The three main
recorder approaches are the following:
e An empirical method presented by O’Reilly and New (1982) who introduced the
following equation
H, = iS.‘_ (8.1)
2y
For the validity of this equation the following assumption had to be made: the net
displacement vector should be aligned with the tunnel CL. This assumption was
studied in Chapter 4. They also tried to investigate which factors affected the
shapf: of the settlement trough and the point of inflection i.
e An empirical method presented by Taylor (1995) who suggested that the net

displacement vector is heading towards a point below tunnel invert
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e Deanne and Bassett (1994) presented field data from the Heathrow Express Trial
Tunnel indicating that the deformation vectors are heading somewhere inside the

tunnel between the CL and the invert.

Four parametric studies were performed using Plaxis, varying the excavation depth,
the tunnel diameter, the soil stiffness and finally the volume loss to assess which of
these factors affected i. An isotropic linear elastic pre-yield model was used to model
the tunnel liner. A simple elasto-plastic model was used for the soil. The plastic
region was modelled using the Mohr-Coulomb failure criterion with non-associated
flow. Thirteen analyses were carried out in total. These analyses showed a strong

relation between the point of inflection i and z,, E,_ and V, . They failed though to

strongly correlate D with i.

e When z, varied the net displacement vector was found to be either above the

crown (cases z, = 14m and 34m) or between the CL and the invert (z, = 20m

and 27m).
e When D varied the net displacement vector was always heading inside the tunnel

but below CL.
¢ Finally when F,

inc

and V, varied the angle of the net deformation vector increased

with increasing values of E,

mc

and V, .

The outcome from these 2-D FE analyses was that the direction of the surface
deformation vectors depends on the specific soil conditions along with the geometry
of the excavation. Therefore, a general rule regarding their direction cannot be

extracted contrary to the suggestions of O’Reilly and New (1982) and Taylor (1995).

Another part of the analysis presented in Chapter 4 dealt with the assessment of
calculating more accurately the trough width constant X. O’Reilly and New (1982)
suggested that a value of K = 0.5 would suit most clay profiles. The most accurate
way to calculate K was through the FE predictions (i.e. Kj3). Further to this, for the
particular soil profile used, a value of K = 0.6 was found to be closer to the FE

predictions (i.e. K3) rather than the empirical value of K = 0:5. The difference though’

is marginal.
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The limitations from these analyses were that these predictions apply for the
particular soil profile. Finally, plane strain approximations were assumed, while
tunnelling is a 3-D process (Clough and Leca 1989). All three dimensions therefore

have actually to be modelled for a more accurate representation of the real conditions.

8.3 Recommendations for further research

The aim of this research project was to provide tools for numerical modelling of
tunnelling interactions, especially to practising engineers, and therefore contribute to
the better understanding of the complex mechanism of soil-tunnel-structure
interaction. Throughout this study new questions and implications have risen.
Consequently recommendations are presented in this section to extend the scope of

this research in the future.

® Tunnels, along with their permanent linings, appear in the mesh as if wished in
place in the 3-D analyses presented in Chapter 7. Tunnel excavation and the
advance of the tunnel face in successive increments were not modelled. Tunnel
induced deformations and the change of stress around the tunnels therefore were
not studied. Detailed and accurate simulation of the tunnel advance would make

the FE predictions more realistic but considerably more time-consuming.

® The surface load, in the FE analyses presented in Chapters 6 and 7, was directly
applied to the finite elements. No interface elements were used to model the
existence of foundations or treatment to the ground prior to loading. These should

be incorporated for a more realistic representation of the field conditions.

® The surface load was always applied perpendicular to the tunnel axis and the
surface finite elements. The effects of the same load applied at a skew angle were

not studied.

® Given that the required computer resources are available a more detailed and

dense mesh can be gerierated for the analyses presented in Chapter 7.

e In the study presented in Chapter 5 it was possible to model various kinds of

tunnelling geometries, mainly parallel or inclined (in one case) with the use of a
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powerful mesh generator, Gmsh. However, tunnels passing each other at an angle
or even intersecting tunnels were not analysed (meshes for these cases were
generated though just for illustrative purposes to present the capabilities of
Gmsh). Analyses can be carried out to investigate the effects of surface loading

above tunnels intersection.

e Throughout this thesis a simple elasto-plastic constitutive model was used to
represent soil behaviour mainly due to the small number of input parameters
required and the availability of such constitutive models in both FE packages used
(compatibility purpose). More sophisticated and advanced models can be used for

a more accurate representation of real soil behaviour.

e Finally a horizontal surface profile was considered throughout this project. A

future research could incorporate an inclined surface profile (slope) to study the

effects of the extra surface weight on the tunnel and how tunnelling process along

with the induced deformations would be affected by that weight.
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Appendix A. Equal size of finite elements

Appendix A

Equal size of finite elements

JRFEE Rk ok k ok ok ok koo sk dok ok sk dok ok koo kb ko ok ok ok b kb ok ok ok sk kol kb sk ok kb ok ok

Gmsh file esfe.txt

*
*
* Equal Size of Finite Elements
*

Fkd Rk kR ok ok koo ok ok ok kb ok ok okokkokok dokookok ook ok dolob ok kokokdokokdok sk ok ok ok ok /

D=4, //Munnel diameter

X =8*D; //Dimension of the domain along the x axis

Y = 5*D; //Dimension of the domain along the y axis

Z=5*D; //Dimension of the domain along the z axis

ChL1 = D/5; //Size of the elements at the boundaries

ChL2 = D/5; //Size of the elements around the tunnel and at the foundations
x1=X/2;//+X/2-21*D/40; //Parameter which shifts the tunnel axis horizontally
z1=2/2;/+Z/2-21*D/40; //Parameter which shifts the tunnel axis vertically
k1=0; //Parameter which shifts the end of the tunnel only along the z axis

// Points at the boundaries of the domain

Point (1) = {0, 0, 0, ChL1}; Point (2) = {X, 0,0, ChL1};
Point (3) = {X,Y,0,ChL1};  Point(4) = {0, Y, 0, ChL1};
Point (5) = {0, 0, Z, ChL1}; Point (6) = {X/2-6, 0, Z, ChL2};

Point (7) = {X/2+6, 0, Z, ChL2}; Point (8) = {X, 0, Z, ChL1};
Point 9) = {X,Y,Z,ChL1};  Point(10)= {X/2+6, Y, Z, ChL2};
Point (11) = {X/2-6, Y, Z, ChL2}; Point (12) = {0, Y, Z, ChL1};

//Points at the tunnel entrance

Point (13) = {x1, 0, z1, ChL2}; Point (14) = {x1, 0, z1 + D/2, ChL2};
Point (15) = {x1 - D/2, 0, z1, ChL2}; Point (16) = {x1,0, z1 - D/2, ChL2};
Point (17) = {x1 + D/2, 0, z1, ChL2};

//Points at the tunnel exit

Point (18) = {x1, Y, z1 + k1, ChL2}; Point (19) = {x1, Y, z1 + D/2 + k1, ChL2};
Point (20) = {x1 - D/2, Y, z1 + k1, ChL2}; Point (21)= {x1,Y, z1 - D/2 + k1, ChL2};
Point (22) = {x1 + D/2, Y, z1 + k1, ChL2};

//Creating the boundaries of the domain

Line (1) = {1,2}; Line (2)= {2, 3};

Line 3)={3,4}; Line(4)={4,1};

Line (5) = {5,6}; Line (6)= {6, 7};

Line (7) = {7,8}; Line (8)= {8, 9};

Line (9) = {9, 10}; Line (10)= {10, 11};

Line (11) = {11, 12}; Line (12) = {12, 5};

Line (13)= {1,5}; Line (14)= {2, 8};

Line (15) = {3,9}; Line (16) = {4, 12};

/[Creating the entrance opening

Circle (17) = {14, 13, 15}; Circle (18) = {15, 13, 16},
Circle (19) = {16, 13, 17}; Circle (20) = {17, 13, 14};

//Creating the exit opening
Circle (21) = {19, 18, 20}; Circle (22) = {20, 18, 21};
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Circle (23) = {21, 18, 22}; Circle (24) = {22, 18, 19};

//Connecting the entrance and exit of the tunnel
Line (25) = {14, 19}; Line (26) = {15, 20};
Line (27) = {16, 21}; Line (28) = {17, 22};

//Create the “Surfaces” of the domain
Line Loop (49) = {17, 18, 19, 20}; //Plane Surface (50) = {49},
Line Loop (51) = {21, 22, 23, 24}; //Plane Surface (52) = {51};

Line Loop (57) = {-13, 1, 14, -7, -6, -5}; Plane Surface (58) = {57, 49};
Line Loop (59) = {-14, 2, 15, -8}; Plane Surface (60) = {59};

Line Loop (61) = {-15, 3, 16, -11, -10, -9}; Plane Surface (62) = {61, 51};
Line Loop (63) = {-16, 4, 13,-12}; Plane Surface (64) = {63};

Line Loop (65) = {1, 2, 3, 4}; Plane Surface (66) = {65};

Line Loop (67) = {-11, -10, -9, -8, -7, -6, -5, -12}; Plane Surface (68) = {67};

//Create the “Surfaces” of the tunnel

Line Loop (69) = {17, 26, -21, -25}; Ruled Surface (70) = {69};
Line Loop (71) = {18, 27, -22, -26}; Ruled Surface (72) = {71};
Line Loop (73) = {19, 28, -23, -27}; Ruled Surface (74) = {73};
Line Loop (75) = {20, 25, -24, -28}; Ruled Surface (76) = {75};

//Create the boundaries of the domain
Physical Surface (1) = {58};
Physical Surface (2) = {60};
Physical Surface (3) = {62};
Physical Surface (4) = {64};
Physical Surface (5) = {66};

//Create the boundaries of the tunnel
Physical Surface (6) = {70};
Physical Surface (7) = {72};
Physical Surface (8) = {74};
Physical Surface (9) = {76};

/[Create the volume of the domain
Surface Loop (1) = {58, 60, 62, 64, 66, 68, 70,72, 74, 76};
Volume (1) = {1};
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Gmsh file stg.txt

*
*
* Single Tunnel Geometry
*

R L e L e L e LY

D=4, //Tunnel diameter

DD=4; //Size of the foundations

X =17.5*D; //Dimension of the domain along the x axis

Y =17.5*D:; //Dimension of the domain along the y axis
Z=12.5*D; //Dimension of the domain along the z axis

ChL1 =18; //Size of the elements at the boundaries

ChL2 = 3; //Size of the elements around the tunnel

ChL3=09; //Size of the transition elements

Chl4=3; //Size of the elements around at the foundations
x1=X/2; //Parameter which shifts the tunnel axis horizontally
z1=Z-15; //Parameter which shifts the tunnel axis vertically
k1=0; //Parameter which shifts the end of the tunnel only along the z axis

//Points at the tunnel entrance

Point (1) = {x1, 0, z1, ChL2}; Point (2) = {x1, 0, z1+D/2, ChL2};
Point (3) = {x1-D/2, 0, z1, ChL2}; Point(4) = {x1, 0, z1-D/2, ChL2};
Point (5) = {x1+D/2, 0, z1, ChL2};

//Points at the tunnel exit

Point (6) = {x1, Y, z1+kl, ChL2}; Point (7) = {x1, Y, z1+k1+D/2, ChL2};
Point (8) = {x1-D/2, Y, z1+kl, ChL2}; Point (9) = {x1, Y, z1+k1-D/2, ChL2};
Point (10) = {x1+D/2, Y, z1+kl, ChL2};

//Points at the boundaries of the domain

Point (19) = {0, 0, 0, ChL1}; Point (20) = {X, 0, 0, ChL1};
Point 21) = {X, Y, 0, ChL1}; Point (22) = {0, Y, 0, ChL1};
Point (23) = {0, 0, Z, ChL1}; Point (24) = {X/2-D, 0, Z, ChL3};

Point (25) = {X/2+D, 0, Z, ChL3}; Point (26) = {X, o Z,ChLI}:
Point (27) = {X, Y, Z, ChL1}; Point (28) = {X/2+D, Y, Z, ChL3};
Point (29) = {X/2-D, Y, Z, ChL3}; Point (30) = {0, Y, Z, ChL1};

//Points at the foundations

Point (64) = {X/2-2.5*DD, Y/2-DD/2, Z, ChL4};
Point (65) = {X/2-1.5*DD, Y/2-DD/2, Z, ChL4},
Point (66) = {X/2-0.5*DD, Y/2-DD/2, Z, ChL4};
Point (67) = {X/2+0.5*DD, Y/2-DD/2, Z, ChL4};

Point (72) = {X/2-2.5*DD, Y/2+DD/2, Z, ChLA4}; - o e
Point (73) = {X/2-1.5*DD, Y/2+DD/2, Z, ChL4};
Point (74) = {X/2-0.5*DD, Y/2+DD/2, Z, ChL4};
Point (75) = {X/2+0.5*DD, Y/2+DD/2, Z, ChL4};

Point (80) = {X/2-2.5*DD, Y/2+1*¥*DD+DD/2, Z, ChL4};
Point (81) = {X/2-1.5*DD, Y/2+1*DD+DD/2, Z, ChL4};
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Point (82) = {X/2-0.5*DD, Y/2+1*DD+DD/2, Z, ChL4};
Point (83) = {X/2+0.5*DD, Y/2+1*DD+DD/2, Z, ChL4};

Point (88) = {X/2-2.5*DD, Y/2+2*DD+DD/2, Z, ChL4};
Point (89) = {X/2-1.5*DD, Y/2+2*DD+DD/2, Z, ChLA4};
Point (90) = {X/2-0.5*DD, Y/2+2*DD+DD/2, Z, ChL4};
Point (91) = {X/2+0.5*DD, Y/2+2*DD+DD/2, Z, ChLA4};

//Connecting the entrance and exit of the tunnel
Line (1) = {2,7}; Line (2)= {3, 8};
Line (3) = {4,9}; Line (4)= {5, 10};

//Creating the entrance opening
Circle (9)= {2, 1,3}; Circle (10)= {3, 1,4};
Circle (11) = {4, 1,5}; Circle (12) = {5, 1, 2};

//Creating the exit opening
Circle (13) = {7,6,8}; Circle (14) = {8,6,9};
Circle (15) = {9, 6, 10}; Circle (16) = {10,6,7};

//Creating the boundaries of the domain

Line (25) = {19, 20};
Line (27) = {21, 22};

Line (29) = {23, 24};
Line (31) = {25, 26};
Line (33) = {27, 28};
Line (35) = {29, 30;

Line (37) = {23, 19};
Line (39) = {27, 21};

Line (26) = {20, 21};
Line (28) = {22, 19};

Line (30) = {24, 25};
Line (32) = {26, 27};
Line (34) = {28, 29};
Line (36) = {30, 23};

Line (38) = {26, 20};
Line (40) = {30, 22};

/[Creating the foundations

Line (63) = {64, 65;
Line (65) = {66, 67};

Line (70) = {72, 73 };
Line (72) = {74, 75};

Line (77) = {80, 81};
Line (79) = {82, 83};

Line (84) = {88, 89};
Line (86) = {90, 91};

Line (96) = {88, 80};
Line (98) = {72, 64};

Line (102) = {89, 81};
Line (104) = {73, 65};

Line (108) = {90, 82};
Line (110) = {74, 66};

--Line-(114) = {91, 83};
Line (116) = {75, 67},

Line (64) = {65, 66};

Line (71) = {73, 74};

Line (78) = {81, 82};

Line (85) = {89, 90};

Line (97) = {80, 72};

Line (103) = {81, 73};

Line (109) = {82, 74};

Line (115) = {83, 75};

//Creating loops for the tunnel

Line Loop (1) = {9, 10, 11, 12};

Line Loop (3) = {13, 14, 15, 16};
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Line Loop (5) = {9, 2,-13,-1}; Line Loop (6) = {10, 3, -14, -2};
Line Loop (7) = {11, 4, -15,-3}; Line Loop (8) = {12, 1, -16, -4};

//Creating loops for the boundaries of the domain
Line Loop (13) = {25, 26, 27, 28}; Line Loop (14) = {29, 30, 31, 32, 33, 34, 35, 36};

Line Loop (15) = {37, 25, -38, -31, -30, -29}; Line Loop (16) = {38, 26, -39, -32};
Line Loop (17) = {39, 27, -40, -35, -34, -33}; Line Loop (18) = {40, 28, -37, -36};

//Creating loops for the foundations
Line Loop (41) = {63, -104, -70, 98};
Line Loop (42) = {64, -110, -71, 104};
Line Loop (43) = {65,-116,-72, 110};

Line Loop (48) = {70, -103, -77, 97};
Line Loop (49) = {71, -109, -78, 103};
Line Loop (50) = {72, -115, -79, 109},

Line Loop (55) = {77, -102, -84, 96};
Line Loop (56) = {78, -108, -85, 102};
Line Loop (57) = {79, -114, -86, 108};

Line Loop (61) = {63, 64, 65,-116, -115, -114, -86, -85, -84, 96, 97, 98};

//Creating surfaces for the tunnel

//Plane Surface (1) = {1}; //Plane Surface (2) = {3};
Ruled Surface (3) = {5}; Ruled Surface (4) = {6};
Ruled Surface (5) = {7}; Ruled Surface (6) = {8};

/ICreating surfaces for the boundaries of the domain

Plane Surface (13) = {13}; Plane Surface (14) = {14, 61};
Plane Surface (15) = {15, 1}; Plane Surface (16) = {16};
Plane Surface (17) = {17, 3}; Plane Surface (18) = {18};

//Creating surfaces for the foundations
Plane Surface (41) = {41};
Plane Surface (42) = {42};
Plane Surface (43) = {43};

Plane Surface (48) = {48};
Plane Surface (49) = {49};
Plane Surface (50) = {50};

Plane Surface (55) = {55};
Plane Surface (56) = {56};
Plane Surface (57) = {57};

Plane Surface (61) = {61};

//Creating physical surfaces for the tunnel

//Physical Surface (1) = {1}; //Physical Surface (2) = {2};
Physical Surface (3) = {3}; Physical Surface (4) = {4};
Physical Surface (5) = {5}; Physical Surface (6) = {6};

//Creating-physical surfaces for the boundaries-of the-domain
Physical Surface (13) = {13}; Physical Surface (14) = {14};
Physical Surface (15) = {15}; Physical Surface (16) = {16};
Physical Surface (17) = {17}; Physical Surface (18) = {18};

//Creating physical surfaces for the foundations
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Physical Surface (41) = {41};
Physical Surface (42) = {42};
Physical Surface (43) = {43};

Physical Surface (48) = {48};
Physical Surface (49) = {49};
Physical Surface (50) = {50};

Physical Surface (55) = {55};
Physical Surface (56) = {56};
Physical Surface (57) = {57};

Physical Surface (61) = {61};

//Creating the volume of the domain

Surface Loop (1) = {13, 14, 15, 16,17, 18, 3,4, 5, 6,41, 42,43, 48, 49, 50, 55, 56, 57};
Volume (1) = {1};

Physical Volume (1) = {1};
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/*********************************************************************
*
*  Gmsh file ttg.txt

*

* Twin Tunnel Geometry
*
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D=4, //Tunnel diameter

DD = 4; //Size of the foundations

X =17.5¥D; //Dimension of the domain along the x axis

Y =17.5%D; //Dimension of the domain along the y axis

7 =12.5*D; //Dimension of the domain along the z axis

ChL1 = 18; //Size of the elements at the boundaries

ChL2 =3; //Size of the elements at the tunnels and the foundations

ChL3=9; //Size of the transition elements

x1 =X/2; //Parameter which shifts the right tunnel axis horizontally

zl =Z-15, //Parameter which shifts the right tunnel axis vertically

kl=0; //Parameter which shifts the end of the right tunnel only along the z axis
f =2*D; //Pillar width

x2 =X/2-f; /fParameter which shifts the left tunnel axis horizontally

z2=7-15; //Parameter which shifts the left tunnel axis vertically

k2 =0; //Parameter which shifts the end of the left tunnel only along the z axis

//Points at the right tunnel entrance
Point (1) = {x1, 0, z1, ChL2}; Point (2) = {x1, 0, z1+D/2, ChL2};
Point (3) = {x1-D/2, 0, z1, ChL2}; Point (4) = {x1, 0, z1-D/2, ChL2};
Point (5) = {x1+D/2, 0, z1, ChL2};

//Points at the right tunnel exit

Point (6) = {x1, Y, z1+kl, ChL2}; Point (7) = {x1, Y, z1+D/2+kl, ChL2};
Point (8) = {x1-D/2, Y, z1+kl, ChL2}; Point (9) = {x1,Y, z1-D/2+kl, ChL2};
Point (10) = {x1+D/2,Y, z1+kl, ChL2};

//Points at the boundaries of the domain

Point (19) = {0, 0, 0, ChL1}; Point (20) = {X, 0,0, ChL1};
Point (21) = {X, Y, 0, ChL1}; Point (22) = {0, Y, 0, ChL1};

Point (23) = {0, 0, Z, ChL1}; Point (24) = {X/2-D, 0, Z, ChL3};
Point (25) = {X/2+D, 0, Z, ChL3}; Point (26) = {X, 0, Z, ChL1};

Point 27) = {X, Y, Z, ChL1}; Point (28) = {X/2+D, Y, Z, ChL3};

Point (29) = {X/2-D, Y, Z, ChL3}; Point (30) = {0, Y, Z, ChL1};

//Points at the left tunnel entrance

Point (31) = {x2-f, 0, z2+k2, ChL2},
Point (32) = {x2-f, 0, z22+k2+D/2, ChL2};
.Point (33) = {x2-D/2-f, 0, z2+k2, ChL2};
Point (34) = {x2-f, 0, z2+k2-D/2, ChL.2};
Point (35) = {x2+D/2-f, 0, z2+k2, ChL2};

//Points at the left tunnel exit
Point (36) = {x2-f, Y, 22+k2, ChL2};
Point (37) = {x2-f, Y, z2+k2+D/2, ChL2};
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Point (38) = {x2-D/2-f, Y, z2-+k2, ChL2};
Point (39) = {x2-f, Y, 22+k2-D/2, ChL.2};
Point (40) = {x2+D/2-f, Y, z2+k2, ChL2};

//Points at the foundations

Point (62) = {X/2-4.5*DD, Y/2-DD/2, Z, ChL4};
Point (63) = {X/2-3.5*DD, Y/2-DD/2, Z, ChL4};
Point (64) = {X/2-2.5*DD, Y/2-DD/2, Z, ChlLA4};
Point (65) = {X/2-1.5*DD, Y/2-DD/2, Z, ChL4};
Point (66) = {X/2-0.5*DD, Y/2-DD/2, Z, ChL4};
Point (67) = {X/2+0.5*DD, Y/2-DD/2, Z, ChL4};
Point (68) = {X/2+1.5*DD, Y/2-DD/2, Z, ChL4};

Point (70) = {X/2-4.5*DD, Y/2+DD/2, Z, ChL4};
Point (71) = {X/2-3.5*DD, Y/2+DD/2, Z, ChLA4};
Point (72) = {X/2-2.5*DD, Y/2+DD/2, Z, ChLA};
Point (73) = {X/2-1.5*DD, Y/2+DD/2, Z, ChLA};
Point (74) = {X/2-0.5*DD, Y/2+DD/2, Z, ChLA};
Point (75) = {X/2+0.5*DD, Y/2+DD/2, Z, ChL4};
Point (76) = {X/2+1.5*DD, Y/2+DD/2, Z, ChLA};

Point (78) = {X/2-4.5*DD, Y/2+1*DD+DD/2, Z, ChLA4};
Point (79) = {X/2-3.5*DD, Y/2+1*DD+DD/2, Z, ChLA4};
Point (80) = {X/2-2.5*DD, Y/2+1*DD+DD/2, Z, ChL4};
Point (81) = {X/2-1.5*DD, Y/2+1*DD+DD/2, Z, ChLA};
Point (82) = {X/2-0.5*DD, Y/2+1*DD+DD/2, Z, ChLA4};
Point (83) = {X/2+0.5*DD, Y/2+1*DD+DD/2, Z, ChL4};
Point (84) = {X/2+1.5*DD, Y/2+1*DD+DD/2, Z, ChL4};

Point (86) = {X/2-4.5*DD, Y/2+2*DD+DD/2, Z, ChL4};
Point (87) = {X/2-3.5*DD, Y/2+2*DD+DD/2, Z, ChL4};
Point (88) = {X/2-2.5*DD, Y/2+2*DD+DD/2, Z, ChL4};
Point (89) = {X/2-1.5*DD, Y/2+2*DD+DD/2, Z, ChL4};
Point (90) = {X/2-0.5*DD, Y/2+2*DD+DD/2, Z, ChL4};
Point (91) = {X/2+0.5*DD, Y/2+2*DD+DD/2, Z, ChLA4};
Point (92) = {X/2+1.5*DD, Y/2+2*DD+DD/2, Z, ChL4};

//Connecting the entrance and exit of the right tunnel
Line (1)={2,7}; Line (2)= {3, 8};
Line (3) = {4,9}; Line (4)= {5, 10};

//Creating the entrance opening of the right tunnel
Circle 9)= {2, 1,3}; Circle (10)= {3, 1, 4};
Circle (11) = {4, 1, 5}; Circle (12) = {5, 1, 2};

//Creating the exit opening of the right tunnel
Circle (13) = {7,6,8}; Circle (14) = {8, 6,9};
Circle (15) = {9, 6, 10}; Circle (16) = {10, 6, 7};

/[Creating the boundaries of the domain
Line (25) = {19, 20}; Line (26) = {20, 21},
Line (27) = {21,22}; Line (28) = {22,19};

Line (29) = {23,24}; Line (30) = {24, 25};
Line (31) ={25,26}; Line.(32)= {26, 27};
Line (33) = {27, 28}; Line (34) = {28, 29};
Line (35) = {29, 30}; Line (36) = {30, 23};

Line (37) = {23, 19}; Line (38) = {26, 20};
Line (39) = {27, 21}; Line (40) = {30, 22};
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//Creating the entrance opening of the left tunnel
Circle (41) = {32, 31, 33}; Circle (42) = {33, 31, 34};
Circle (43) = {34, 31, 35}; Circle (44) = {35, 31, 32};

/[Creating the exit opening of the left tunnel
Circle (45) = {37, 36, 38}; Circle (46) = {38, 36, 39};
Circle (47) = {39, 36,40}; Circle (48) = {40, 36,37};

//Connecting the entrance and exit of the right tunnel
Line (49) = {32, 37}; Line (50) = {33, 38};
Line (51) = {34, 39}; Line (52) = {35, 40};

//Creating the foundations

Line (61) = {62, 63}; Line (62) = {63, 64};
Line (63) = {64, 65}; Line (64) = {65, 66},
Line (65) = {66, 67}; Line (66) = {67, 68},

Line (68) = {70, 71}; Line (69) = {71, 72};
Line (70) = {72, 73}; Line (71) = {73, 74};
Line (72) = {74, 75}; Line (73) = {75, 76};

Line (75) = {78, 79}; Line (76) = {79, 80};
Line (77) = {80, 81}; Line (78) = {81, 82};
Line (79) = {82, 83}; Line (80) = {83, 84};

Line (82) = {86, 87}; Line (83) = {87, 88};
Line (84) = {88, 89}; Line (85) = {89, 90};
Line (86) = {90, 91}; Line (87) = {91, 92};

Line (96) = {88, 80}; Line (97) = {80, 72};
Line (98) = {72, 64};

Line (102) = {89, 81}; Line (103) = {81, 73};
Line (104) = {73, 65};

Line (108) = {90, 82}; Line (109) = {82, 74};
Line (110) = {74, 66};

Line (114) = {91, 83}; Line (115) = {83, 75};
Line (116) = {75, 67};

Line (120) = {92, 84}; Line (121) = {84, 76};
Line (122) = {76, 68);

Line (126) = {87,79}; Line (127) = {79, 71};
Line (128) = {71, 63};

Line (129) = {86, 78}; Line (130) = {78, 70};
Line (131) = {70, 62};

//Creating loops for the right tunnel
Line Loop (1) = {9, 10, 11, 12}; Line Loop (3) = {13, 14, 15, 16};

L Line Loop (5) = {9, 2,-13,-1}; Line Loop (6) = {10, 3, -14, -2};
Line Loop (7) = {11, 4, -15, -3}; Line Loop (8) = {12, 1, -16, -4};

//Creating loops for the boundaries of the domain
Line Loop (13) = {25, 26, 27, 28}; Line Loop (14) = {29, 30, 31, 32, 33, 34, 35, 36};
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Line Loop (15) = {37, 25, -38, -31, -30, -29}; Line Loop (16) = {38, 26, -39, -32};
Line Loop (17) = {39, 27, -40, -35, -34, -33}; Line Loop (18) = {40, 28, -37, -36};

//Creating loops for the left tunnel
Line Loop (19) = {41, 42, 43, 44}; Line Loop (20) = {45, 46, 47, 48};

Line Loop (21) = {41, 50, -45, -49}; Line Loop (22) = {42, 51, -46, -50};
Line Loop (23) = {43, 52, -47, -51}; Line Loop (24) = {44, 49, -48, -52};

//Creating loops for the foundations

Line Loop (40) = {62, -98, -69, 128}; Line Loop (41) = {63, -104, -70, 98};
Line Loop (42) = {64,-110, -71, 104}; Line Loop (43) = {65, -116,-72, 110};
Line Loop (44) = {66, -122,-73, 116};

Line Loop (47) = {69, -97,-76, 127};  Line Loop (48) = {70, -103, -77,97};
Line Loop (49) = {71, -109, -78, 103}; Line Loop (50) = {72, -115, -79, 109};
Line Loop (51) = {73, -121, -80, 115};

Line Loop (54) = {76, -96, -83, 126}:  Line Loop (55) = {77, -102, -84, 96}
Line Loop (56) = {78, -108, -85, 102}; Line Loop (57) = {79, -114, -86, 108};
Line Loop (58) = {80, -120, -87, 114};

Line Loop (61) = {61, -128, -68, 131}; Line Loop (62) = {68, -127, -75, 130};
Line Loop (63) = {75, -126, -82, 129};

Line Loop (64) = {61, 62, 63, 64, 65, 66, -122,-121, -120, -87, -86, -85, -84, -83, -82, 129, 130, 131};

//Creating surfaces for the right tunnel

//Plane Surface (1) = {1}; //Plane Surface (2) = {3};
Ruled Surface (3) = {5}; Ruled Surface (4) = {6};
Ruled Surface (5) = {7}; Ruled Surface (6) = {8};

/[Creating surfaces for the left tunnel

//Plane Surface (7) = {19}; //Plane Surface (8) = {20};
Ruled Surface (9) = {21}; Ruled Surface (10) = {22};
Ruled Surface (11) = {23}; Ruled Surface (12) = {24};

//Creating surfaces for the boundaries of the domain

Plane Surface (13) = {13}; Plane Surface (14) = {14, 64};
Plane Surface (15) = {15, 1, 19}; Plane Surface (16) = {16};
Plane Surface (17) = {17, 3,20}; Plane Surface (18) = {18};

//Creating surfaces for the foundations

Plane Surface (40) = {40}; Plane Surface (41) = {41},
Plane Surface (42) = {42}; Plane Surface (43) = {43};
Plane Surface (44) = {44}

Plane Surface (47) = {47}; Plane Surface (48) = {48};
Plane Surface (49) = {49}; Plane Surface (50) = {S0};
Plane Surface (51) = {51};

Plane Surface (54) = {54}; Plane Surface (55) = {55};
Plane Surface (56) = {56}; Plane Surface (57) = {57};
Plane Surface (58) = {58};

Plane Surface (61) = {61}; Plane Surface (62) = {62};
Plane Surface (63) = {63};

Plane Surface (64) = {64};
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//Creating physical surfaces for the right tunnel

Physical Surface (1) = {1}; Physical Surface (2) = {2}
Physical Surface (3) = {3}; Physical Surface (4) = {4};
Physical Surface (5) = {5}; Physical Surface (6) = {6};

//Creating physical surfaces for the left tunnel

Physical Surface (7) = {7};
Physical Surface (9) = {9};
Physical Surface (11) = {11};

Physical Surface (8) = {8};
Physical Surface (10) = {10};
Physical Surface (12) = {12};

//Creating physical surfaces for the boundaries of the domain

Physical Surface (13) = {13};
Physical Surface (15) = {15};
Physical Surface (17) = {17};

Physical Surface (14) = {14};
Physical Surface (16) = {16};
Physical Surface (18) = {18};

//Creating physical surfaces for the foundations

Physical Surface (40) = {40};
Physical Surface (42) = {42};
Physical Surface (44) = {44},

Physical Surface (47) = {47};
Physical Surface (49) = {49};
Physical Surface (51) = {51};

Physical Surface (54) = {54};
Physical Surface (56) = {56};
Physical Surface (58) = {58};

Physical Surface (61) = {61};
Physical Surface (63) = {63},

Physical Surface (64) = {64};

Physical Surface (41) = {41};
Physical Surface (43) = {43};

Physical Surface (48) = {48};
Physical Surface (50) = {50};

Physical Surface (55) = {55};
Physical Surface (57) = {57};

Physical Surface (62) = {62};

//Creating the volume of the domain
Surface Loop (1) = {13, 14, 15, 16, 17, 18, 3, 4, S, 6, 40, 41, 42, 43, 44, 47, 48, 49, 50, 51, 54, 55, 56,
57,58, 61, 62, 63,9, 10, 11, 12};

Volume (1) = {1};
Physical Volume (1) = {1};
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Appendix D

Excavation of a single tunnel geometry
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Gmsh file estg.txt

*
*
* Excavation of a Single Tunnel Geometry
*

*********************************************************************/

//1 have to take care that loop.txt file should be in the same directory with estg.txt

// Defining some parameters and characteristic lengths:

D=4, //Tunnel diameter

DD = 4; //Size of the foundations

X =17.5*D; //Dimension of the domain along the x axis

Y =17.5*D; //Dimension of the domain along the y axis
Z=12.5*D; //Dimension of the domain along the z axis

ChL1 = 18; //Size of the elements at the boundaries

ChL2=2; //Size of the elements inside and around the tunnel
ChL3=9; //Size of the transition elements

ChL4 =3; //Size of the elements at the foundations

x1=X/2; //Parameter which shifts the tunnel axis horizontally
z1=7-15; /fParameter which shifts the tunnel axis vertically
k1=0; //Parameter which shifts the end of the tunnel only along the z axis

//Points at the boundaries of the domain

Point (1) = {0, 0, 0, ChL1}; Point (2) = {X, 0, 0, ChL1};
Point (3) = {X, Y, 0, ChL1}; Point (4) = {0, Y, 0, ChL1};

Point (5) = {0, 0, Z, ChL1}; Point (6) = {X/2-15,0, Z, ChL3};
Point (7) = {X/2+15, 0, Z, ChL3}; Point (8) = {X, 0, Z, ChL1};

Point (9) = {X, Y, Z, ChL1}; Point (10) = {X/2+15, Y, Z, ChL3};

Point (11) = {X/2-15,Y, Z, ChL3}; Point (12) = {0, Y, Z, ChL1};

//Points at the tunnel entrance

Point (13) = {x1, 0, z1, ChL2}; Point (14) = {x1, 0, z1+D/2, ChL2};
Point (15) = {x1-D/2, 0, z1, ChL2}; Point (16) = {x1, 0, z1-D/2, ChL2};
Point (17) = {x1+D/2, 0, z1, ChL2};

//Points at the tunnel exit

Point (18) = {x1, Y, zl+kl, ChL2}; Point (19) = {x1, Y, z1+D/2+kl, ChL2};
Point (20) = {x1-D/2, Y, z1+kl, ChL2}; Point (21)= {x1,Y, zi1-D/2+kl, ChL2};
Point (22) = {x1+D/2, Y, z1+kl, ChL.2};

//Points at the foundations

Point (64) = {X/2-2.5*DD, Y/2-DD/2, Z, ChL4};
Point (65) = {X/2-1.5*DD, Y/2-DD/2, Z, ChL4};
Point (66) = {X/2-0.5*DD, Y/2-DD/2, Z, ChL4};
Point (67) = {X/2+0.5*DD, Y/2-DD/2, Z, ChL4};

Point (72) = {X/2-2.5*DD, Y/2+DD/2, Z, ChLA};
Point (73) = {X/2-1.5*DD, Y/2+DD/2, Z, ChL4};
Point (74) = {X/2-0.5*DD, Y/2+DD/2, Z, ChL4};
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Point (75) = {X/2+0.5*DD, Y/2+DD/2, Z, ChL4};

Point (80) = {X/2-2.5*DD, Y/2+1*DD+DD/2, Z, ChL4};
Point (81) = {X/2-1.5*DD, Y/2+1*DD+DD/2, Z, ChL4};
Point (82) = {X/2-0.5*DD, Y/2+1*DD+DD/2, Z, ChL4};
Point (83) = {X/2+0.5*DD, Y/2+1*DD+DD/2, Z, ChL4}:

Point (88) = {X/2-2.5*DD, Y/2+2*DD+DD/2, Z, ChLA};
Point (89) = {X/2-1.5*DD, Y/2+2*DD+DD/2, Z, ChL4};
Point (90) = {X/2-0.5*DD, Y/2+2*DD+DD/2, Z, ChL4};
Point (91) = {X/2+0.5*DD, Y/2+2*DD+DD/2, Z, ChL4};

//Creating the boundaries of the domain

Line (1) = {1, 2}; Line (2) = {2, 3};
Line (3) = {3, 4}; Line (4) = {4, 1};
Line (5) = {5, 6}; Line (6) = {6, 7};
Line (7) = {7, 8}; Line (8) = {8, 9};
Line (9) = {9, 10}; Line (10) = {10, 11};

Line (11)= {11, 12}; Line (12)= {12, 5};
Line (13) = {1, 5}; Line (14) = {2, 8};
Line (15) = {3, 9}; Line (16) = {4, 12};

//Creating the entrance opening
Circle (17) = {14, 13, 15};  Circle (18) = {15, 13, 16};
Circle (19) = {16, 13, 17};  Circle (20) = {17, 13, 14};

//Creating the exit opening
Circle (21) = {19, 18,20};  Circle (22) = {20, 18, 21};
Circle (23) = {21, 18,22};  Circle (24) = {22, 18, 19};

//Creating the foundations
Line (63) = {64, 65}; Line (64) = {65, 66};
Line (65) = {66, 67};

Line (70) = {72, 73}; Line (71) = {73, 74};
Line (72) = {74, 75};

Line (77) = {80, 81}; Line (78) = {81, 82};
Line (79) = {82, 83};

Line (84) = {88, 89}; Line (85) = {89, 90};
Line (86) = {90, 91};

Line (96) = {88, 80}; Line (97) = {80, 72};
Line (98) = {72, 64};

Line (102) = {89, 81}; Line (103) = {81, 73};
Line (104) = {73, 65};

Line (108) = {90, 82}; Line (109) = {82, 74};
Line (110) = {74, 66';

Line (114) = {91, 83}; Line (115)= {83, 75};
Line (116) = {75, 67};

//Creating loops for the tunnel
Line Loop (1) = {17, 18, 19, 20};  //Plane Surface (1) = {1};
Line Loop (2) = {21, 22, 23,24};  //Plane Surface (2) = {2};

Line Loop (3) = {-13, 1, 14, -7, -6, -5}; Line Loop (4) = {-14, 2, 15, -8};
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Line Loop (5) = {-15, 3, 16, -11, -10, -9}; Line Loop (6) = {-16, 4, 13, -12};
Line Loop (7) = {1, 2, 3, 4}; Line Loop (8) = {-11, -10, -9, -8, -7, -6, -5, -12};

//Creating loops for the foundations
Line Loop (41) = {63, -104, -70, 98};  Line Loop (42) = {64, -110,-71, 104};
Line Loop (43) = {65, -116, -72, 110};

Line Loop (48) = {70, -103, -77,97};  Line Loop (49) = {71, -109, -78, 103};
Line Loop (50) = {72, -115, -79, 109};

Line Loop (55) = {77, -102, -84, 96};  Line Loop (56) = {78, -108, -85, 102};
Line Loop (57) = {79, -114, -86, 108};

Line Loop (61) = {63, 64, 65,-116, -115, -114, -86, -85, -84, 96, 97, 98},

//Creating surfaces for the boundaries of the domain
Plane Surface (3) = {3, 1}; Plane Surface (4) = {4};
Plane Surface (5) = {5, 2}; Plane Surface (6) = {6};
Plane Surface (7) = {7}; Plane Surface (8) = {8, 61},

//Creating surfaces for the foundations
Plane Surface (41) = {41}; Plane Surface (42) = {42};
Plane Surface (43) = {43};

Plane Surface (48) = {48}; Plane Surface (49) = {49};
Plane Surface (50) = {50};

Plane Surface (55) = {55}; Plane Surface (56) = {56};
Plane Surface (57) = {57};

Plane Surface (61) = {61};

Include "loop.txt"; //loop.txt file should be in the same directory with the current file
//Creating physical surfaces for the boundaries of the domain

Physical Surface (1) = {3}; Physical Surface (2) = {4};

Physical Surface (3) = {5}; Physical Surface (4) = {6};

Physical Surface (5) = {7}; Physical Surface (6) = {8};

/[Creating physical surfaces for the foundations

Physical Surface (7) = {41}; Physical Surface (8) = {42};

Physical Surface (9) = {43};

Physical Surface (10) = {48}; Physical Surface (11) = {49};
Physical Surface (12) = {50};

Physical Surface (13) = {55}; Physical Surface (14) = {56};
Physical Surface (15) = {57};

Physical Surface (16) = {61};

//Creating the volume of the domain

Surface Loop (3000) = {3, 4,5, 6,7, 8, 41, 42, 43, 48, 49, 50, 55, 56, 57, 132, 134, 136, 138, 176, 178,
180, 182, 220, 222, 224, 226, 264, 266, 268, 270, 308, 310, 312, 314, 352, 354, 356, 358, 396, 398,
400, 402, 440,.442, 444, 446, 484, 486, 488, 490, 528, 530, 532, 534, 572, 574, 576,578,616, 618,
620, 622, 660, 662, 664, 666, 704, 706, 708, 710};

Volume (100) = {3000} ;

Physical Volume (1) = {100};
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/*********************************************************************
*

* Gmsh file loop.txt

*

* Division of the tunnel into smaller volumes

* Add this file to the same working directory with the estg.txt file
*********************************************************************/

ChL2 =2; //Size of the elements in and around the tunnel
Ur=35; //Unsupported length of excavation

D=4, //Tunnel diameter

X =17.5*D; //Dimension of the domain along the x axis

Y =-Ur; //Dimension of the domain along the y axis
Z=12.5*D; //Dimension of the domain along the z axis
x1=X/2; //Parameter which shifts the tunnel axis horizontally
z1=Z-15; //Parameter which shifts the tunnel axis vertically

//Create a Function
Function CirclePlanes

//Points at the tunnel entrance

pl = newp; Point (pl) = {x1, Y, zI, ChL2}; p2 = newp; Point (p2) = {x1, Y, zI + D/2, ChL2};
p3 = newp; Point (p3) = {x1 - D/2, Y, zl, ChL2}; p4 = newp; Point (p4) = {x1,Y, zl - D/2, ChL2};
p5 = newp; Point (pS) = {x1 + D/2, Y, zl, ChL2};

//Points at the exit of the first volume

p6 = newp; Point (p6) = {x1, Y+Ur, z1, ChL2}; p7 =newp; Point (p7) = {x1, Y+Ur, z1+D/2, ChL2};
p8 = newp; Point (p8) = {x1 - D/2, Y+Ur, z1, ChL2}; p9 = newp; Point (p9) = {x1, Y+Ur, z1-D/2, ChL2};
p10 = newp; Point (p10) = {x1 + D/2, Y+Ur, z1, ChL2};

/[Creating the entrance opening
cl = newreg; Circle (c1) = {p2, pl, p3}; c2 = newreg; Circle (c2) = {p3, pl, p4};
c3 = newreg; Circle (c3) = {p4, pl, p5}; c4 =newreg; Circle (c4) = {p5, pl, p2};

//Creating the exit opening of the first volume
c5 = newreg; Circle (c5) = {p7, p6, p8}; c6 =newreg; Circle (c6) = {p8, p6, p9};
c7 = newreg; Circle (c7) = {p9, p6, p10}; c8 =newreg; Circle (c8) = {p10, p6, p7};

//Connecting the opening and the exit of the first volume
11 = newreg; Line (11) = {p2, p7}; 12 = newreg; Line (12) = {p3, p8};
13 = newreg; Line (13) = {p4, p9}; 14 = newreg; Line (14) = {pS, p10};

//Creating loops and surfaces for the first volume
111 = newreg; Line Loop (111) = {cl1, c2, ¢3, c4}; ps!] = news; Plane Surface (psl) = {l11};

113 = newreg; Line Loop (113) = {l1, ¢S5, -12, c1};

rs1 = newreg; Ruled Surface (rs1) = {l13}; Printf("Ruled surface rs1=%g " , rs1) ;

114 = newreg; Line Loop (114) = {12, c6, -13, -c2}; rs2 = newreg; Ruled Surface (rs2) = {114};
115 = newreg; Line Loop (115) = {13, c7, -14, -c3}; rs3 = newreg; Ruled Surface (rs3) = {115};
116 = newreg; Line Loop (116) = {l4, c8, -11, -c4}; rs4 = newreg; Ruled Surface (rs4) = {116};

Extrude Surface { psl, {0, Ur, 0 }};

Return //End of the Function
For (1:14) //Generate the loop

Y +=Ur;

Call CirclePlanes ;

EndFor
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Appendix E

Unrealistic tunnel scheme — spiral shape

/*********************************************************************
*

Gmsh file spiral.txt

*
*
* Unrealistic tunnel scheme — spiral shape
*

*********************************************************************/

// Defining some parameters and characteristic lengths:

Xx=64;
y=40;
= 40;
D=4.173;
m=1;
pi=3.14;

//begininge hole

Point(1) = {x/2, 0, 2*z/3, m}; Point(2) = {x/2, 0, 2*z/3 + D/2, m};
Point(3) = {x/2 - D/2, 0, 2*z/3, m} ; Point(4) = {x/2, 0, 2*z/3 - D/2, m} ;
Point(5) = {x/2 + D/2, 0, 2*2/3, m} ;

Circle (1) = {2, 1, 3}; Circle (2)= {3, 1, 4};
Circle (3) = {4, 1, 5}; Circle(4)= {5, 1, 2};

Line Loop (5) = {1, 2, 3, 4}; Plane Surface (6) = {5};

tmp[] = Extrude Surface {6, {0, 10, 0}};;

Printf("NewSurface= %g " , tmp{0]) ;

tmp[] = Extrude Surface { tmp[0], {0, 0, 1}, { x/2 - D/2, 10, 2*z/3, m }, pi/180 * 90 };;
Printf("NewSurface= %g " , tmp{0]) ;

tmp[] = Extrude Surface { tmp[0], { O, -1, 0 }, {29.915, 12.086, 24.58, m }, pi/180 * 25 };;
Printf("NewSurface= %g " , tmp[0]) ;

tmp[] = Extrude Surface {tmp[0], {-12, 0, -7}};;

Printf("NewSurface= %g " , tmp[0]) ;

tmp[] = Extrude Surface {tmp[0], {0, 1,0}, {15.6, 12.086, 21.9, m }, pi/180 * 25 };;
Printf("NewSurface= %g " , tmp[0]) ;

tmp[] = Extrude Surface {tmp[0], {0, 0,1 }, {16.3, 9.5, 19.093, m }, pi/180 * 90 };;
Printf("NewSurface= %g " , tmp[0]) ;

tmp[] = Extrude Surface { tmp[0], {0, -10, 0}};;

Printf("NewSurface= %g " , tmp[0]) ;

tmp[] = Extrude Surface {tmp[0], {0, 0, 1}, {16.6,-0.4999, 19.09, m }, pi/180 * 90 };;
Printf("NewSurface= %g " , tmp[0]) ;

tmp[] = Extrude Surface {tmp[0], {12.5,0, 0}};;

Printf("NewSurface= %g " , tmp[0]) ;

tmp[] = Extrude Surface {tmp[O] {0,0,11}, {29.527,-0.7, 19.09, m }, pi/180 * 90 },,
Printf("NewSurface=.%g." , tmp{0]).;.

tmp[] = Extrude Surface {tmp[O] {0, 11, 0} };;

Printf("NewSurface= %g " , tmp{0]) ;

tmp[] = Extrude Surface {tmp[0], {0, 0, 1}, {29.6, 10.3, 19.09, m }, pi/180 * 90 };;
Printf("NewSurface= %g " , tmp{0]) ;

tmp[] = Extrude Surface {tmp[0], {0, -1, 0}, {29.609, 12.914, 16.5, m }, pi/180 * 25 };;
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Printf("NewSurface= %g " , tmp[0]) ;

tmp[] = Extrude Surface {tmp[0], {-12,0,-7}};;

Printf("NewSurface= %g " , tmp[0]) ;

tmp[] = Extrude Surface {tmp[0], {0, 1,0 }, {15.1, 12.914, 14.1, m }, pi/180 * 25 };;
Printf("NewSurface= %g " , tmp[0]) ;

tmp{] = Extrude Surface {tmp[0], {0, 0, 1 }, {15.423,10.228, 114, m }, pi/180 * 90 };;
Printf("NewSurface= %g " , tmp[0]) ;

tmp[] = Extrude Surface {tmp[0], {0, -11,0}};;

Printf("NewSurface= %g " , tmp[0]) ;

tmp[] = Extrude Surface {tmp[0], {0, 0,1}, {15.3,-0.77, 11.4, m }, pi/180 * 90 };;
Printf("NewSurface= %g " , tmp[0]) ;

tmp[] = Extrude Surface {tmp[0], {14, 0,0}};;

Printf("NewSurface= %g " , tmp[0]) ;

tmp[] = Extrude Surface {tmp[0], {0, 0,1 }, {29.3,-0.7, 11.4, m }, pi/180 * 90 };;
Printf("NewSurface= %g " , tmp[0]) ;

tmp[] = Extrude Surface {tmp[0], {0, 11, 0}};;

Printf("NewSurface= %g " , tmp[0]) ;

tmp[] = Extrude Surface {tmp{0], {0, 0,1 }, {29.347, 10.301, 114, m }, pi/180 * 90 };;
Printf("NewSurface= %g " , tmp[0]) ;

tmp[] = Extrude Surface {tmp[0], {0, -1, 0 }, {29.062, 12.887, 9.37, m }, pi/180 * 25 };;
Printf("NewSurface= %g " , tmp[0]) ;

tmp[] = Extrude Surface {tmp[0], {-12,0,-7}};;

Printf{("NewSurface= %g " , tmp[0]) ;

tmp[] = Extrude Surface {tmp[0], {0, 1,0 }, {15.269, 12.887, 6.28, m }, pi/180 * 25 };;
Printf("NewSurface= %g " , tmp[0]) ;

tmp[] = Extrude Surface {tmp{0], { 0,0, 1 }, {15.528, 10.101, 4.07, m }, pi/180 * 90 };;
Printf("NewSurface= %g " , tmp[0]) ;

tmp[] = Extrude Surface {tmp[0], {0, -10.5,0}};;

Printf("NewSurface= %g " , tmp[0]) ;

tmp[] = Extrude Surface {tmp[0], { 0,0, 1 }, {15.128,-0.398, 4.07, m }, pi/180 * 90 };;
Printf("NewSurface= %g " , tmp[0]) ;

tmp[] = Extrude Surface {tmp[0], {7, 0, 0}};;

Printf("NewSurface= %g " , tmp[0]) ;
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